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Catalytic CO2 (dry) reforming of methane (DRM) is an attractive technology for 
syngas production as DRM utilizes CO2 and CH4, which are two major greenhouse effect 
gases are causing global warming. However, besides high energy requirement, serious 
problems in this reaction are high carbon deposition rate and metal sintering which can 
easily deactivate the catalyst. Due to these serious drawbacks, it is desirable to consider 
oxidative CO2 reforming of methane (OCRM) which combines partial oxidation of 
methane (POM) – an endothermic reaction – with CO2 reforming of methane (DRM) – an 
endothermic reaction. A combination of these two reactions not only can reduce the 
amount of carbon deposition since the oxygen can easily oxidize the deposited carbon on 
the catalyst, but also can reduce the total energy requirement since OCRM combines both 
exothermic POM and endothermic DRM reactions. This thesis reports the development of 
a stable and active bimetallic catalyst for OCRM reaction. A fundamental understanding 
causing high activity and stability of the catalyst was explored in depth in this thesis. 
The catalyst activity and stability of Pd−Ni catalysts over various commercial 
catalyst supports were studied at various reaction temperatures. Among all tested Pd−Ni 
catalysts, Pd−Ni/Y2O3 and Pd−Ni/Al2O3 catalysts show very high CH4 and CO2 
conversions due to the formation of metal−support compound (MSC) on these catalysts. 
The presence of MSC on these catalysts could prevent severe metal sintering on catalyst 
during reaction. However, the amount of deposited carbon on the spent Pd−Ni/Y2O3 
catalyst is much lower than the one on the Pd−Ni/Al2O3 catalyst due to the presence of 




stable catalytic performance without noticeable deactivation during reaction. The surface 
−oxygen species are found to promote cracking of C−H bond in CH4 while the 
oxycarbonate species can oxidize the deposited carbon, respectively, hence leading to the 
stability of the Pd−Ni/Y2O3 catalyst. A reaction mechanism over Pd−Ni/Y2O3 catalyst was 
then proposed. 
Further investigation was performed to understand the role of Pd precursors on the 
Pd−Ni catalyst. A series of Pd−Ni/Y2O3 catalysts with various Pd/Ni ratios and Pd 
precursors (PdCl2 and Pd(NO3)2) was synthesized. The catalytic activity of Pd−Ni/Y2O3 
catalysts synthesized from either PdCl2 or Pd(NO3)2 is much higher than the one on either 
Ni/Y2O3 or Pd/Y2O3 catalyst due to the presence of bimetallic particles on Pd-Ni catalysts. 
However, the Pd(C)−Ni/Y2O3 catalyst (Pd−Ni/Y2O3 catalyst prepared from PdCl2) has 
higher catalytic activity than the Pd(N)−Ni/Y2O3 catalyst (Pd−Ni/Y2O3 catalyst prepared 
from Pd(NO3)2) due to smaller metal particle size. The results of effect of Pd/Ni ratio on 
Pd(C)−Ni/Y2O3 catalysts shows that the smallest metal particle size of Pd(C)−Ni/Y2O3 
was observed on Pd(C)−Ni/Y2O3 catalyst with the highest reduction temperature of 
metal−support compound (Pd-Y2O3 compound), showing that the formation of Pd-Y2O3 
compound on the Pd(C)−Ni/Y2O3 catalyst plays an important role on catalyst activity. The 
catalytic stability result shows that Pd(C)−Ni/Y2O3 catalyst has stable performance while 
Pd(N)−Ni/Y2O3 catalyst has decreasing performance, showing that the presence of 
Pd−Y2O3 compound on the Pd(C)−Ni/Y2O3 catalyst also play an important role in high 
catalyst stability of the Pd(C)−Ni/Y2O3 catalyst. Based on all characterization and 
catalytic results, a Ni−rich Pd−Ni alloy was proposed for Pd(C)−Ni/Y2O3 catalyst while a 




The monodispersed Y2O3 particles were then synthesized at various pH of the 
solution. The synthesized Y2O3 particles were used as the support of Pd−Ni catalyst. The 
Y2O3 particles synthesized at lower pH have smaller particle and crystal size, resulting in 
higher surface oxygen mobility. The catalytic activity results show that the performance of 
Pd−Ni catalyst over Y2O3 with smaller crystal size is higher than those with bigger crystal 
size. In addition, the carbon deposition rate on the spent Pd−Ni/Y2O3 catalyst with smaller 
crystal size at higher temperature is also lower than those with bigger crystal size. 
Furthermore, CH4 decomposition reaction was also performed on the Pd−Ni/Y2O3 
catalysts and the result shows the higher amount of CO produced from Pd−Ni/Y2O3 
catalyst with smaller crystal size. These results show that surface oxygen mobility of Y2O3 
support plays important roles in high catalytic activity and suppression of carbon 
deposition on Pd−Ni/Y2O3 catalyst.  
Based on the proposed reaction mechanism and those of individual reactions 
probably occurred during OCRM reaction, two kinetic models for OCRM reaction over 
Pd−Ni/Y2O3 catalyst have been developed using Langmuir-Hinshelwood (LH) approach. 
A good agreement was obtained between experimental and model for the kinetic model 
based on dissociation of adsorbed methane by adsorbed oxygen for rate determining step 
(RDS) of DRM and reaction between adsorbed carbon and adsorbed oxygen for RDS of 
POM. 
In summary, the important findings from this thesis are as follows: 1) The 
formation of bimetallic particle has synergetic effect on catalyst activity, 2) Small metal 
particle size resulted from the presence of metal-support compound is important for high 




oxycarbonate species is required for high catalyst stability, 4) surface oxygen mobility has 
important roles in high catalyst activity and reduction of carbon deposition, and 5) the 
developed kinetic model has a good agreement with experiment data and proposed 
mechanism. 
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 In recent years, CO2 amount has increased dramatically due to human activities, 
such as combustion of fuel for power generation, transportation, and industry. This has 
created accumulation of CO2 gas in the earth. Since CO2 absorbs solar radiation, the CO2 
accumulation causes increase in the earth’s temperature, which is known as global 
warming. This global warming phenomenon is a major concern, and hence this has 
attracted many researchers to either capture and store or utilize CO2 in order to reduce the 
amount of CO2 gas present in the atmosphere.  
Several technologies have been used to capture and store CO2, for example 
adsorption by utilizing CaO as an adsorbent [1], membrane separation [2], as well as 
extraction and absorption [3, 4]. In the area of CO2 utilization, several ways have been 
introduced, such as utilizing high amount of CO2 to produce higher photosynthesis rate in 
microorganisms, such as algae or bacteria [5], CO2 for organic synthesis to produce 
methanol, dimethyl ether (DME), dimethyl carbonate (DMC), urea, and polycarbonate [6-
9], and CO2 to produce hydrogen and/or syngas via CO2 (dry) reforming of methane 
(DRM) reaction [10]. The DRM reaction has been getting increasing interest from 
academic and industrial point of views in the past few years since it involves utilization of 
not only CO2, but also methane gas, which also contributes to global warming [11-12]..  
Until now, Group VIII transition metals (Fe, Co, Ni, Ru, Rh, Pd, Ir, Pt) when 
distributed in reduced form on suitable supports have been found to be effective catalysts 
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for the DRM reaction. Among non-noble metals catalysts (Fe, Co, and Ni), Ni catalyst 
gives the highest conversion of methane and CO2, but it is easily deactivated due to carbon 
formation. Over noble metals catalysts (Pd, Pt, Ir, Ru, and Rh), Rh catalyst is found 
intrinsically to be suitable catalyst for this reaction [13]. The activity of noble metal 
catalysts is comparable to the one of the nickel catalyst. However, the noble metal 
catalysts produce less carbon on catalyst surface. According to Hu and Ruckenstein [10], 
the carbon deposition rate decreases in this order: Ni >> Rh > Ir = Ru > Pt = Pd at 773 K 
and Ni > Pd = Rh > Ir > Pt >> Ru at 923 K.  
Since noble metal catalysts are expensive, nickel catalyst appears to be the most 
suitable catalyst because it is very cheap. However, nickel catalyst has to be modified to 
improve its performance in terms of stability by reducing its carbon deposition rate. It is 
well established that catalyst support [14-16] and/or promoter [16, 17] have significant 
effect on the catalyst activity and stability of the nickel catalyst. For example, Zhang and 
Verykios [15] studied effect of catalyst supports and reported that the Ni/La2O3 catalyst 
showed higher activity and stability than the Ni/Al2O3 and Ni/CaO catalysts due to its 
ability to form oxycarbonate species (La2O2CO3). Another example focusing on effect of 
promoters over Ni catalyst is shown by Horiuchi et al. [17]. They found that addition of 
basic metal oxides (Na2O, K2O, MgO, and CaO) enhanced CO2 adsorption, resulting in 
more adsorbed oxygen atoms (Oad). The higher amount of adsorbed oxygen atoms (Oad) 
prevent adsorbed hydrogen-deficient hydrocarbon species (CHx,ad) to decompose to 
surface carbon since the oxygen can easily react with the adsorbed hydrogen-deficient 
hydrocarbon species (CHx,ad) to form CO.  
Even though catalyst modification can reduce the carbon deposition rate, energy 
requirement for the DRM reaction is very huge because of its high endothermicity. The 
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high energy requirement is the drawback hindering the commercialization of the DRM 
reaction in industries. One way to overcome this drawback is by introducing an 
exothermic reaction, such as partial oxidation of methane (POM). The energy required for 
the DRM and released from the POM can be seen in the following reactions: 
DRM: CH4 + CO2  2 H2 + 2 CO H298 = 247.3 kJ/mol 
POM: CH4 + ½O2  2 H2 +    CO H298 = -35.6 kJ/mol 
This combined reaction system is named as Oxy-CO2 Reforming of Methane (OCRM). 
The reaction system can reduce not only the total energy requirement, but also the amount 
of carbon deposition since the oxygen available in the reaction system can easily oxidize 
the deposited carbon on the catalyst. Another distinct advantage is that the OCRM 
reaction enables production of syngas with various ratios of H2/CO via manipulation of 
the feed composition.  
Ashcroft et al. [18] were the first ones to study the catalysts for OCRM reaction 
and they found that the order of catalyst activity for OCRM reaction was Ir/Al2O3 = 
Ni/Al2O3 > Rh/Al2O3 > Pd/Al2O3 > Ru/Al2O3. However, the carbon deposition in 
Ni/Al2O3 catalyst is the highest among the others with the order Ni/Al2O3 >> Pd/Al2O3 > 
Ir/Al2O3 = Rh/Al2O3 = Ru/Al2O3.  
Even though Ir/Al2O3 catalyst was found to be the best catalyst for this reaction 
system, the price is very expensive due to its limited availability. Therefore, Ni catalyst 
appears to be suitable catalyst for this reaction since it is very cheap. However, the 
modification of Ni catalyst is required to reduce the carbon deposition rate.  
Besides the carbon deposition problem, Ni catalyst was also reported to form hot-
spot formation in the presence of oxygen in the feed, such as in POM reaction. 
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Dissanayake et al. [19] reported that even though the Ni/Al2O3 catalyst was fully reduced, 
oxygen in the feed easily oxidized metallic Ni particles to NiO particles. Therefore, the 
upstream section of catalyst bed consisted of mixture of NiO+A12O3. This NiO species 
were active only for methane oxidation reaction, resulting in a sudden increase in 
temperature of the bed. Since oxygen had been consumed in the upstream section, the 
lower section of the catalyst bed consisted of a reduced Ni/Al2O3 phase, which catalyzed 
reaction to produce CO and H2.  
Tomishige et al. [20] reported that noble metals catalysts (Pd, Pt, Au, Ir, Rh, or 
Ru) were effective to suppress the hot-spot formation near the catalyst bed inlet in 
oxidative steam reforming of methane (OSRM) reaction. Among other noble metals, 
palladium (Pd) was found to be more superior since it could maintain the reduced state of 
metallic particles. Therefore, in order to develop a high performance Ni-based catalyst in 
terms of high activity and stability for the OCRM reaction, modification of Ni catalyst is 
carried out by adding a small amount of Pd. 
 
1.2 Thesis objective 
The main objective of this thesis is to develop high performance catalyst, in terms 
of activity and stability for OCRM reaction by focusing on modification of the Ni catalyst 
using a small amount of palladium (Pd). In order to achieve the main objective, the 
following steps of studies are carried out: 
 
i) Investigation on effect of catalyst support over Pd-Ni catalyst 
Catalyst support is well known to have strong effect on catalyst activity and 
stability. For example, Ruckenstein and Hu [21] showed that the Ni/MgO catalyst 
Chapter 1 Introduction 
5 
had higher stability than Ni/SiO2 and Ni/Al2O3 catalysts, due to less carbon 
deposition. Sufang et al. [22] also reported that the addition of Al2O3 to Ni/SiO2 
catalyst resulted in higher carbon deposition rate. 
ii) Investigation on role of Pd and Ni in Pd-Ni catalyst. 
Using the best result from study of catalyst supports, the roles of Pd and Ni in Pd-
Ni catalyst on catalyst activity and stability are investigated.  
iii) Investigation on effect of synthesized support  
Since commercial metal oxide used in previous study as catalyst support has 
irregular morphology, it is necessary to synthesize metal oxide with regular 
morphology. The activity and stability of the Pd-Ni catalyst over synthesized 
support is then investigated to elucidate the effect of synthesized support. 
iv) Development of a kinetic model based on Pd-Ni catalyst for OCRM reaction. 
In order to understand OCRM reaction, a development of kinetic model is 
necessary to elucidate the reaction mechanism as well as to perform scale-up to 
commercial scale. The developed model incorporates all possible main and side 
reactions occurring during OCRM reaction. 
 
1.3 Organization of thesis 
This thesis consists of 6 chapters including Introduction as the Chapter 1. Chapter 
2 presents literature review of the catalyst development and the mechanisms of all reaction 
pathways involved in OCRM reaction, such as DRM and POM reactions.  
Chapter 3 discusses the main findings from effect of catalyst supports over Pd-Ni 
catalyst. In this chapter, results and discussion of the Pd-Ni catalysts synthesized over few 
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different commercial metal oxides as catalyst supports are presented. The catalyst activity 
is investigated at a wide range of temperature.  
The best result from study of catalyst supports is further investigated to elucidate 
roles of Pd and Ni in Pd-Ni catalyst. The results and discussion is presented in Chapter 4. 
Two type of of Pd precursors, i.e. PdCl2 or Pd(NO3)2 and various ratios of Pd/Ni are used 
to elucidate the role of Pd and Ni.  
In Chapter 5, the catalyst supports were synthesized using homogeneous 
precipitation method at different pH to obtain monodisperse particles. They were then 
used as the support for Pd-Ni catalysts to study the effect of synthesized supports on 
catalyst activity of Pd-Ni catalysts.  
Chapter 6 presents the kinetic modeling of the OCRM reaction over Pd-Ni/Y2O3 
catalyst. The kinetic model is developed by incorporating all possible main and side 
reactions in which occur during OCRM reaction. The developed model is fitted to the 
experiment results to obtain the best model. 
Chapter 7 is the final discussion of the catalyst developed in this thesis, the 
principal contributions of this thesis, and directions for future works. 





2.1. CO2 reforming of methane 
CO2 (dry) reforming of methane (DRM) is an attractive method to utilize CO2 and 
CH4 in large amount. Both reactants are reported to be the two major greenhouse effect 
gases [23]. The DRM reaction is described as follows:  
CO2 + CH4 → 2CO + 2H2    ΔH298 =  247.3 kJ/mol  (1) 
 ΔG=  61770 - 67.32T  
This reaction is highly endothermic and favorable at low pressure. The reaction 
equilibrium of DRM is influenced by the simultaneous reverse water gas shift (rWGS) 
reaction (Eq. 2), which results in a H2/CO ratio of less than unity and higher CO2 
conversion than CH4 conversion. The rWGS reaction can be described as follows: 
CO2 + H2 → CO + H2O ΔH298 =  41 kJ/mol  (2) 
 ΔG=  -8545 + 7.84T 
Due to high endothermicity, DRM reaction is usually performed at high temperature. The 
high reaction temperature favors carbon formation via methane (CH4) decomposition (Eq. 
3) and Boudouard (CO disproportionation) reactions (Eq. 4) which are thermodynamically 
feasible. 
Methane decomposition:  CH4 ↔ C + 2H2 ΔH298 =  75 kJ/mol  (3) 
 ΔG=  21960 – 26.45T 
Boudoudard reaction:  2CO → C + CO2 ΔH298 =  -172 kJ/mol  (4) 
 ΔG=  -39810 + 40.87.84T 
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Using standard free energies calculations, Wang et al. [24] showed the limiting 
temperatures of all reactions involved in DRM reaction and the results were tabulated in 
Table 2-1. From the calculation, they reported the following conclusions: 
 The DRM reaction proceeds at temperature above 640°C, accompanied by methane 
decomposition. 
 The rWGS and Boudouard reactions will not take place at temperatures above 820°C.  
 Formation of carbon most likely takes place within the temperature range 557-700°C, 
from both the Boudouard reaction and methane decomposition. 
 
Table 2-1 Limiting temperature for reactions in DRM reaction 
Reaction 
Temperature (°C) 
Lower limit Upper limit 
DRM reaction 640 - 
rWGS reaction - 820 
Methane decomposition 557 - 
Boudouard reaction - 700 
 
 The experiment results by Zhang et al. [25] also showed that CH4 decomposition 
and Boudouard reactions were responsible for carbon deposition on the catalyst. In 
addition, they also showed the variation of equilibrium constants of the reactions involved 
as a function of temperature. Due to strong endothermicity, the equilibrium constant of the 
DRM reaction increases significantly with increasing reaction temperature. Therefore, 
high conversion of the DRM reaction can only be achieved at high temperature. However, 
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the equilibrium constants of methane decomposition and rWGS reactions also increase 
with temperature. In contrast, Boudouard reaction is unfavorable at high temperature 
because of exothermic reaction. Hence, equilibrium conversion of the DRM reaction 
increases much higher than those of the side reactions (Eq. 2-4) at high reaction 
temperatures (i.e. 750°C and above).  
Numerous authors [23, 26-27] have presented calculations which predict 
thermodynamic potential of graphic carbon deposition as a function of operating 
conditions for gas mixtures containing CH4, CO2, H2, and H2O. From the calculations, 
they suggested operation for the DRM reaction at higher temperature, ~727°C, and with 
CO2/CH4 ratios far above unity to avoid regions where there is a potential for carbon 
formation. However, from an industrial point of view, lower temperature with CO2/CH4 
ratios near unity is preferred due to cheaper operating cost.  Therefore, a lot of studies 
have been performed to develop a catalyst which incorporates a kinetic inhibition of 
carbon formation with CO2/CH4 ratios near unity.   
A lot of transition metals, especially Group VIII show catalytic activity for CO2 
reforming of methane. The metals in Group VIII (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt) in 
their reduced forms constitute effective catalytic components, except Fe, which appears to 
be inactive and there is no reported data for Os. Non-noble metals such as Ni and Co have 
advantage over noble metals in terms of price. Their prices are much cheaper than those 
noble metals, but they are easily deactivated due to carbon formation. Rostrup-Nielsen and 
Hansen [28] reported that the amount of carbon deposited on metal catalysts decreases in 
the order Ni >> Rh > Ir = Ru > Pt ≈ Pd at 773 K and Ni > Pd = Rh > Ir > Pt >> Ru at 923 
K. Hence, the noble metal catalysts exhibit higher selectivity and much less carbon 
deposition than the nickel catalyst. 
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2.1.1. Non-noble metal catalysts 
 Ruckenstein and Hu [29] studied Ni catalyst over catalyst support such as Al2O3, 
SiO2 or TiO2. They found that the activity and selectivity of Ni-supported catalysts 
depended on the nature of support and decreased with order of Ni/Al2O3> Ni/SiO2> 
Ni/TiO2. The low activity in Ni/TiO2 catalyst is due to strong metal support interaction 
(SMSI). During reduction, TiOx molecules migrate over the surface of Ni particles, thus it 
blocks active sites and leads to a decrease in surface free energy of the system. Moreover, 
it was also reported that the carbon deposition depended strongly on the nickel loading 
[30]. A 13.6 wt% Ni/SiO2 catalyst exhibited a greater carbon deposition than a 1 wt% 
Ni/SiO2 catalyst. However, a physical mixture of SiO2 and nickel minimized the amount 
of deposited carbon [31], while a physical mixture of Al2O3 and nickel produced a greater 
amount of carbon deposition [29]. The comparison showed that the Al2O3 surface 
promoted carbon deposition. 
 Chen and Ren [32] reported formation of spinel phase NiAl2O4 compound in 
Ni/Al2O3 catalyst during calcination as a result of strong Ni-Al2O3 interaction. The 
presence of this compound suppressed carbon deposition, due to strengthening of the Ni–
O bond in NiAl2O4 compound when compared to that in the NiO crystal [33]. The 
stronger Ni–O bond decreases the reducibility of Ni2+ to Ni0, resulting in smaller nickel 
crystallites on the catalyst surface. These smaller nickel crystallites are necessary for 
lower carbon deposition rate [34]. 
 Similar results were also obtained by Wang and Lu [35]. Their results showed that 
Ni/Al2O3 catalyst had very high activity, stability and high coking compared to Ni/CeO2 
catalyst. They believed that the same reason of strong metal-support interaction (SMSI) 
for low activity of Ni/TiO2 catalyst could be applied for Ni/CeO2 catalyst. Nevertheless, 
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the addition of CeO2 as promoter to Ni/Al2O3 catalyst had increased the catalytic activity, 
stability, and coking resistance [36]. A loading of 1–5 wt% CeO2 was found to be the 
optimum range. These phenomena were attributed to the nature of different supports and 
the interaction between metal and support/promoter since CeO2 as a promoter for the 
nickel catalysts decreases the strength of the interactions between the nickel oxide and 
support, resulting in an increase in the reducibility of the nickel oxide and higher nickel 
dispersion. 
Bradford and Vannice [37] also studied nickel catalysts supported on MgO, TiO2, 
SiO2, or activated carbon. They found that different catalyst supports provided remarkable 
different influence on catalyst activity and carbon deposition resistance. Ni/SiO2 catalyst 
had similar catalytic activity with Ni/C catalyst, but there was considerable formation of 
filamentous carbon over Ni/SiO2 catalyst. Nevertheless, the initial loss of catalytic activity 
on Ni/SiO2 catalyst was negligible. They argued that the lack of metal-support interaction 
in Ni/SiO2 catalyst permitted substantial formation of filamentous whisker carbon. They 
also confirmed strong metal-support interaction (SMSI) on Ni/TiO2 catalyst through TEM 
identification of TiOx phases, supressed hydrogen chemisorption, and extremely low value 
of heat of adsoption from carbon monoxide adsorption isotherm. On the other hand, 
although the activity of Ni/MgO catalyst was the least active of all tested catalysts, 
Ni/MgO catalyst showed stable activity without detectable deactivation for up to 44 hours. 
It is well-known that MgO is a basic metal oxide and has the same crystal structure as 
NiO. As a result, the combination of MgO and NiO results in a solid solution catalyst with 
a basic surface [38-43].  
Tomishige et al. [44] showed that Ni0.03Mg0.97O solid solution catalyst had very 
high resistance to carbon deposition compared to 3 mol% Ni/MgO and 3 mol% NiO-
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Al2O3 catalysts. They claimed that carbon deposition did not have a direct relation to the 
catalytic activity, indicating the selectivity of carbon formation was different on each 
catalyst. They also found that reactivity of carbon with CO2 on all tested catalyst was 
almost same.  
Horiuchi et al. [45] reported that basic additive such as Na2O, K2O, MgO, and CaO 
decreased carbon deposition in methane reforming with CO2 as well as in thermal 
decomposition of methane. They explained that the added basic metal oxides enhanced 
CO2 adsorption, resulting in more adsorbed oxygen atoms (Oad). The higher amount of 
adsorbed oxygen atoms (Oad) prevent adsorbed hydrogen-deficient hydrocarbon species 
(CHx,ad) to decompose to surface carbon since the oxygen can easily react with the 
adsorbed hydrogen-deficient hydrocarbon species (CHx,ad) to form CO. 
Although it was reported that CeO2 is not suitable for the catalyst support for Ni 
catalyst [35], the redox behavior and high mobility of lattice oxygen on CeO2 lead 
Laosiripojana and Assabumrungrat [46] to synthesize it using surfactant-assisted method 
and used it as a catalyst without nickel metal. The high surface area of ceria showed 
almost twice of methane conversion compared to the low surface area of ceria. In addition, 
the carbon deposition on the high surface area of ceria was negligible. Even though 5wt% 
Ni/Al2O3 catalyst showed similar initial conversion of methane to the conversion from the 
high surface area of ceria, the activity decreased significantly due to the carbon deposition 
on catalyst surface. Therefore, they concluded that the high surface area of ceria 
significantly reduced the degree of thermal sintering causing deactivation. 
Another unique catalyst support that was frequently reported for a number of 
catalyst systems in various catalytic reactions is ZrO2. Hally et al. [47] studied the 
zirconia-supported nickel catalysts with emphasis on the stability of the catalysts and 
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reported that the Ni/ZrO2 catalyst with lower metal loading (<2%) was more stable than 
those with higher metal loading for a stoichiometric CO2/CH4 ratio. Moreover, two type of 
deposited carbon were observed on the higher nickel content catalyst but only one type of 
carbon was observed on the lower nickel content one.  
However, the result from Li et al. [48] showed that even with high nickel loading 
(13.2%), the Ni/ZrO2 catalyst was stable without significant deactivation for 30h at 750°C 
and for 20h at 850°C. Using Temperature Programmed Surface Reaction (TPSR) analysis, 
they [49] reported that carbon deposits were formed at a very high rate on the reduced 
catalyst. However, the amount of deposited carbon remained constant during reaction at 
700°C. These results showed that the carbon acts as a reaction intermediate and reacts 
with CO2 to produce CO.  
Lercher et al. [50] reported that the rate of carbon formation is proportional to the 
particle size of Ni on Ni/ZrO2 catalysts. Below a critical Ni particle size (d<2nm), 
formation of carbon slowed down dramatically, hence, the Ni/ZrO2 catalyst exhibited high 
stability.  
The stability of Ni/ZrO2 catalyst also depended largely on the preparation method 
of the support .Wei et al. [51] reported very high conversion of CH4 as well as CO2 and 
stable catalytic performance over 600 h using Ni catalyst over Zr(OH)4 ultra-fine support. 
However, Ni-based catalyst over Zr(OH)4 prepared using co-precipitation method only 
showed high performance up to 50 h, after which, deactivation took place. The similar 
results were reported by Rezaei et al. [52], who showed Ni catalyst over nanocrystalline 
ZrO2 synthesized using surfactant-assisted method gave high CH4 conversion.  
The other catalyst support which has unique property in CO2 reforming of methane 
is La2O3, which can form oxycarbonates species during introduction of CO2 gas [53-54]. 
Chapter 2 Literature Review 
14 
According to Zhang and Verykios [54], methane gas dissociates on the metal to form 
carbon and hydrogen, while carbon dioxide is adsorbed on and reacted with lanthana 
support to form La2O2CO3 (lanthanum oxycarbonate) during DRM reaction. The oxygen 
species from La2O2CO3 were proposed to interact with carbon species from methane 
decomposition to form carbon monoxide gas, resulting in the ease in removal of surface 
carbon species.  
 Ruckenstein and Hu [55] investigated the role of the anions (NO3
-
 from Ni(NO3)2 
or Cl
-
 from NiCl2) on Ni/La2O3 catalyst in carbon deposition. The unreduced Ni/La2O3 
catalyst prepared from nickel nitrate showed a high initial CO yield but a low stability. 
However, the unreduced Ni/La2O3 catalyst prepared from nickel chloride showed a high 
stability. This stabilization probably occurred due to formation of a stable lanthanum 
chloride which inhibited the formation of large ensembles of nickel atoms favorable for 
carbon deposition. 
Many promoters have been used to improve the performance of Ni catalyst. 
Halliche et al. [56] investigated the effect of metal additive such as Co, Ce, Cu, or Fe on 
Ni/Al2O3 catalyst activity in CO2 reforming of methane. They found that the order of 
activity was Ni, Ni-Co, Ni-Ce > Ni-Cu > Ni-Fe and reported that the activities of those 
catalysts depended on the nature of metal additives and their interaction with the nickel 
active phase.  
Choi et al. [57] also examined the effect of Co, Cu, Zr, Mn, Mo, Ti, Ag, or Sn as 
promoter for Ni/Al2O3 catalyst. In comparison with the unmodified Ni/Al2O3 catalyst, 
they reported that those catalysts modified with Co, Cu, or Zr exhibited slightly 
improvement on catalyst activity, whereas other promoters reduced the catalyst activity. 
The Mn-promoted catalyst showed a remarkable reduction in coke deposition with only a 
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small reduction in catalytic activity compared to the unmodified catalyst. Furthermore, 
Seok et al. [58] explained that the addition of manganese to Ni/Al2O3 catalyst resulted in a 
partial coverage of nickel surface by patches of MnOx. The presence of manganese also 
promoted the adsorption of CO2. Both effects appear to be responsible for the decrease in 
carbon deposition on Ni/MnO-Al2O3 catalyst. These results were also observed in Ni/Mo-
Al2O3 catalyst, which showed improvement in catalyst stability by reducing the carbon 
deposition [59].  
Cheng et al. [60] investigated effect of promoters, such as alkaline earth (Mg and 
Ca) and lanthanide (La and Ce) over Ni/Al2O3 catalyst. All promoters, alkaline earth (Mg 
and Ca) and lanthanide (La and Ce), exerted promotion effect on the initial activity. 
However, the promotion effect for alkaline earth was observed to be sensitive to the 
method of catalyst preparation but not for lanthanide oxide. Hence, they argued that the 
promotion action of alkaline earth oxide was associated with the weakening of nickel-
alumina interaction, whereas the promotion effect of lanthanide oxide was related to the 
nickel-lanthanide oxide interaction.  
The similar results in effect of promoters on the Ni/ZrO2 were reported by Li et al. 
[61]. The lanthanum doped Ni/ZrO2 catalyst showed the highest activity compared to the 
cerium or manganese doped Ni/ZrO2 catalyst. However, the Ni/Ce–ZrO2 and Ni/Mn–ZrO2 
catalysts exhibited low carbon depositions during reaction. In addition, Ni–Mg/ZrO2 
catalyst exhibited the highest activity and stability due to increasing dispersion of nickel 
and enhancing the interaction between CO2 and the catalyst.  
Slagtern et al. [62] also investigated the stability of rare earth metal doped 
Ni/Al2O3 catalyst using Ln (mixture of rare earth consists of La, Nd, and Pr) in a fluidized 
bed reactor. The catalyst with 1.7% Ln was more active and stable than either the 
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unpromoted catalyst or the catalyst with 8.5% Ln. Moreover, it was also reported that 
nickel sintering was an initial major reason for catalyst deactivation, followed by coking at 
longer time on stream (>60h). 
The combination of unique properties of CeO2 and ZrO2 over Ni catalysts was 
investigated by Montoya et al. [63]. They found that tetragonal ZrO2 phase (t-ZrO2) in the 
catalyst was stabilized by CeO2 promoter, forming a solid solution, and thus avoiding 
transformation to the monoclinic phase (m-ZrO2). It is generally known that ZrO2 has a 
high thermal stability as catalyst support and its tetragonal phase (t-ZrO2) is more active 
than its monoclinic phase (m-ZrO2). Even though addition of higher content of ceria to 
ZrO2 over Ni catalyst produced higher carbon deposition, its catalytic activity was higher 
than the others. Therefore, they concluded that catalyst deactivation was mainly a 
consequence of the phase transition and support sintering, instead of carbon formation. 
Cobalt based catalyst was also investigated intensively for DRM reaction. It was 
reported that carbon deposition on Co/Al2O3 catalyst is much greater than that on 
Ni/Al2O3 catalyst [64]. Ruckenstein and Wang [65] studied carbon deposition on Co/-
Al2O3 catalyst with varying metal content and found that the stability of Co/-Al2O3 
catalysts was strongly dependent on the Co loading and calcination temperature. Different 
calcination temperature formed different type of Co particles, such as Co3O4, Co2AlO4, or 
CoAl2O4. According to them, the presence of reductive (CH4, H2, and CO) and oxidative 
(CO2 and H2O) species in the reactor would lead to severe catalytic deactivation. The 
reductive species stimulated the regeneration of metallic Co and the dissociation of CH4, 
while the oxidative species favored the oxidation of metallic Co sites. 
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 Ruckenstein and Wang [66-67] also investigated Co catalyst supported on an 
alkaline earth metal oxide (MgO, CaO, SrO, or BaO) as well as on SiO2. The Co/MgO 
catalyst showed a high and stable activity without any deactivation for 50h of reaction 
time. However, the Co/-Al2O3, Co/SrO, and Co/BaO catalysts gave an initial high CO 
yield, which rapidly decayed, while the Co/CaO catalysts exhibited a low CO yield and 
stability. The high activity and stability in Co/MgO catalyst was characterized by 
formation of solid solution (Co, Mg)O which was similarly observed in Ni/MgO catalyst. 
Guerrero-Ruiz et al. [68] explained that the presence of MgO enhanced the formation of 
strongly adsorbed CO2 species, which can easily react with the deposited carbon. 
Therefore, the carbon deposition on the surface of cobalt catalyst was markedly decreased 
and catalyst deactivation was prevented.   
The bimetallic catalyst of nickel-cobalt over TiO2 was studied by Takanabe et al. 
[69]. They combined cobalt which has strong affinity for oxygen species and nickel which 
has strong affinity for carbon species. Their finding showed that monometallic Co/TiO2 
catalyst deactivated very fast because of oxidation of cobalt metal during reaction. 
However, small addition of nickel to the catalyst significantly improved the catalytic 
activity and stability. 
 
2.1.2. Noble metal catalysts 
Noble metals were extensively used as catalyst for many reactions, including DRM 
reaction. Many studies showed that the activity and stability on noble metal catalysts for 
DRM reaction are much higher than the ones on non-noble metal catalysts. Up to date, 
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there are some of noble metals obtain interests from researchers, such as Rhodium (Rh), 
Ruthenium (Ru), Iridium (Ir), Platina (Pt), and Palladium (Pd). 
Rezaei et al. [12] studied a series of noble metal catalysts (Rh, Ru, Ir, Pt, and Pd) 
supported on alumina-magnesia spinel compound and found that rhodium and ruthenium 
showed high activity and stability among the rest due to formation of more reactive carbon 
which was identified as C or superficial carbide. In contrast, the lower stability of Pd 
catalyst was mainly due to the formation whisker carbon which was less reactive 
compared to Rh and Ru catalysts.  
Rhodium based catalyst has been investigated by many researchers, for example, 
Zhang et al. [70]. According to them, the specific activity of Rh catalysts was found to be 
strongly dependent on catalyst support and sensitive to the metal particle size. The activity 
was found to decrease with increasing metal particle size. The deactivation rates showed 
the decreasing order of Rh/TiO2 >> Rh/Al2O3 > Rh/SiO2. They explained that Rh/SiO2 
catalyst showed good stability due to the fact that SiO2 was inert and capable of exhibiting 
weak or no metal-support interaction. In contrast, Rh/TiO2 catalyst showed strong metal-
support interaction (SMSI) causing poor stability.  
According to Yokota et al. [71] who also studied the effect of catalyst support on 
Rh catalysts, the Rh dispersion was relatively low on the small specific surface area 
support and increased with increasing surface area. They also found that turn over 
frequency (TOF) decreased with increasing dispersion of Rh. Hence, TOF for CH4 
conversion decreased in the order of Rh/TiO2 > Rh/La2O3 = Rh/CeO2 > Rh/ZrO2 = 
Rh/MgO = Rh/SiO2 = Rh/MCM-41 > Rh/-Al2O3. Further studies using XANES revealed 
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that Rh existed as metal on TiO2 while Rh on Al2O3 possessed a cationic character. 
Therefore, they concluded that Rh was structure sensitive in DRM reaction. 
In contrast with Yokota's results [71], Mark and Maier [12] found that TOF over 
Rh, Ru, Ir, Pt, or Pd-supported catalysts did not depend significantly on metal dispersion, 
indicating that DRM reaction at high temperatures was structure insensitive. The support 
seemed only giving influence in stabilization of metal surface area, which was responsible 
for the catalyst activity. Therefore, they suggested that under reaction controlled 
temperatures, it was sufficient to consider one parameter only, the accessible metal surface 
area.  
Platina (Pt) supported catalyst was also investigated extensively for DRM reaction. 
Nagaoka et al. [72] studied carbon deposition over Pt/Al2O3 and Pt/ZrO2 catalysts and 
reported that both Pt particle and Al2O3 support formed coke. However, coke formed on Pt 
particles was easily oxidized by CO2, but coke on Al2O3 support was not reactive at all. In 
addition, they also reported that coke was hardly formed on ZrO2 support. Therefore, they 
concluded that the main reaction between CO2 and CH4 on all Pt particles occurred 
without significant participation of the support. 
Further studies over Pt/Al2O3 and Pt/ZrO2 catalysts were performed by Souza et al. 
[73-74]. Their results showed that the catalyst support played an important role in the 
activity and stability of catalyst. They also confirmed that Pt/Al2O3 catalyst showed fast 
deactivation during DRM reaction as a result of high carbon deposition rate. Meanwhile, 
addition of a small amount of ZrO2 (> 5%) to Pt/Al2O3 catalyst improved its stability and 
activity. The low carbon deposition was attributed to the presence of Pt-Zr
n+
 interfacial 
sites, which prevented coke formation and therefore enabled high stability and activity of 
zirconia-containing catalyst.  
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Bitter et al. [75] also reported that the stability of Pt catalysts increased in the order 
of Pt/ZrO2> Pt/TiO2>Pt/-Al2O3, while the carbon formation rate decreased in the order of 
Pt/ZrO2 < Pt/TiO2 << Pt/-Al2O3 [76]. These results indicated that carbon formation, 
which blocks the active metal site, was the main cause of deactivation of the platinum-
supported catalysts.   
Pd-based catalyst for CO2 reforming of methane was studied in depth by Erdöhelyi 
et al. [77]. According to them, dissociation of carbon dioxide was greatly promoted by the 
presence of methane. Moreover, the decomposition of methane started at high rate 
yielding hydrogen and small amounts of ethane and ethlyene. Although carbon deposition 
was observed, the amount was very little at the stoichiometric ratio (1/1) of CH4 and CO2. 
Therefore, they concluded that supported palladium was an active catalyst at high 
temperature giving hydrogen and carbon monoxide with no or only very little carbon 
deposition. 
 
2.1.3. Bimetallic and perovskite catalysts 
Recently there are two trends of catalyst development for DRM reaction, i.e. 
bimetallic, from combination of noble and non-noble metal, and perovskite catalysts. 
Since noble metals show better performance but are more expensive than non-noble 
metals, the addition of small amount of noble metal to nickel or cobalt catalyst is 
extensively investigated.  
Itkulova et al. [78] investigated the addition of noble metal such as Ir, Rh, Pt, or Pd 
to Co/Al2O3 catalyst with Co/M ratio of 1/1. All bimetallic catalysts showed strong 
resistance to coke formation as the weight loss of spent catalysts was not detected by 
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TGA. Similar results were reported by Nagaoka et al. [79], who investigated addition of 
trace amount of Pt or Ru to Co/TiO2 catalyst. The addition of noble metals improved the 
catalytic stability of Co/TiO2 catalyst drastically due to strong resistant to coke formation. 
Moreover, they found that cobalt was easier to be reduced in the presence of noble metal 
and suggested that the catalyst reducibility might play an important role in DRM reaction. 
Chen et al. [80] also reported that although solid solution Ni/MgO catalyst had a 
stable activity in DRM reaction, the deactivation was still observed at low temperature 
500°C due to oxidation of Ni active species. The addition of small amounts of Pt, Pd, or 
Rh to Ni/MgO catalyst increased the catalyst activity and stability significantly. They also 
addressed the improvement of catalyst performance to the easier reducibility of catalyst. 
 Perovskite-type catalysts represented by the general formula ABO3 have been 
extensively investigated for applications involving high temperatures due to their high 
thermal stability [81-82]. In the structure of perovskite, the B-site cation is surrounded 
octahedrally and the A-site cation is located in the cavity made between these octahedral. 
These structures offer the possibility of varying the dimensions of the unit cell by the 
substitution of the A ion. Therefore, the covalence of the B-O bond in the ABO3 structure 
is accordingly changed [83]. The replacement of A- and/or B-site cations by other metal 
cations often results in formation of lattice defects. The defects cause enhancement in 
adsorption of a large amount of O2 and oxygen mobility within the crystal structure, 
hence, promotes catalytic activity.  
The perovskite catalyst with rare earth metal La as the A site and Ni as the B site 
has been investigated thoroughly for DRM reaction. Batiot-Dupeyrat et al. [84] reported 
that the perovskite type oxide LaNiO3 is reduced under hydrogen atmosphere in three 
steps. The first reduction step (200–500°C) corresponds to the formation of the La4Ni3O10 
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phase, while the second step (600–650°C) leads to the formation of the spinel-type phase 
La2NiO4. In the last step (680-750°C), it decomposed to La2O3 and Ni metal. Therefore, 
they concluded that there were two consecutive reactions occurring simultaneously during 
the reaction as follow:  
 Ni
0
 + La2O3 + CO2 ↔ CO + La2NiO4    
 CH4 + La2NiO4 → CO + 2H2 + La2O3 + Ni
0 
 
Furthermore, they [85] reported that the catalytic activity of La2NiO4 perovskite 
catalyst was higher than those of Ni/La2O3 or LaNiO3 catalyst due to formation of smaller 
nickel particle after reduction. The reduction treatment was so important in this La2NiO4 
catalyst that carbon deposition was observed when the catalyst was used without 
treatment, while no carbon deposition was detected once the catalyst was reduced prior to 
the reaction. Since the role of La2O3 support was to allow the activation of carbon dioxide, 
the limited amount of La2O3 over unreduced La2NiO4 catalyst resulted in inhibition of 
carbon removal. Therefore, the carbon accumulation was observed.  
 
2.1.4. Reaction mechanism  
 Although many papers published so far have aimed at the understanding of 
reaction mechanism for CO2 reforming of methane, but it is still under debate. The reason 
is because it usually changes with type of active metals and catalyst supports. However, 
most of those published papers have similarity in the basic concept. The general reactions 
of CO2 reforming are as follow: 
CO2 + CH4  → 2 CO + 2 H2   Hr = 247 kJ/mol 
 CO2 + H2 → CO + H2O    Hr = 41.1 kJ/mol 
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The latter reaction is generally known as reverse water-gas shift reaction (rWGS) 
 It is generally accepted that the CH4 and CO2 will undergo dissociation separately. 
The activation of methane usually takes place on the metal active site [86-87] to produce 
short-lived CHx and carbon. 
CH4(g) → CH3(a) + H(a) 
CH3(a) → CH2(a) + H(a) 
CH2(a)  → CH(a) + H(a) 
CH(a) → C(a) + H(a) 
The above reaction is endothermic thermodynamically. Thus, the equilibrium 
constant will increase with increasing temperature.  
Meanwhile, CO2 dissociation will undergo according to the catalyst support. For 
the acid support, such as SiO2, Ferreira-Aparicio et al. [88] reported that the SiO2 had no 
role in the reaction mechanism. Therefore, activation of CH4 and CO2 takes place on the 
ruthenium surface. In details, the activation of CO2 can be written as follow: 
CO2(g) ↔ CO2(a) 
CO2(a) ↔ CO(a) + O(a) 
The adsorbed O atom then reacts with either the CHx radical or adsorbed H atom 
according to the following reaction steps: 
CHx(a) + O(a) → CO(a) + x H (a) 
H(a) + O(a) ↔ OH(a) 
H(a) + OH(a) ↔ H2O(g) 
2 H(a) → H2(g)  
CO(a) ↔ CO(g) 
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Due to limited adsorption of CO2, the accumulation of coke deposit becomes severe, 
leading to a continuous loss of activity. 
A different pathway was proposed for the catalyst with basic supports such as 
lanthania. The CO2 activation was observed in lanthania support by formation of 
carbonate and formate intermediates on its surface that subsequently decompose releasing 
CO [89] as follows: 















(support) ↔ CO(support) + OH
-
(support) 
CO(support) ↔ CO(g) 
In addition to both proposed mechanism for CO2 activation, the Boudoudard reaction 
(2CO → C + CO2) also takes place simultaneously due to high temperature reaction.  
 The carbon deposits from both dissociation of methane and CO2 consist of various 
forms which are different in terms of reactivity: adsorbed atomic carbon, amorphous 
carbon, vermicular carbon, bulk nickel carbide, and crystalline graphitic carbon [90].  
Moreover, the reactivity of carbon deposit or its transformation is sensitive to the type of 
catalyst surface, the temperature of its formation, and the duration of thermal treatment. 
Dissociation of CH4 alone is generally very fast on active metal side while the activation 
of CO2 is very slow.  
Although both CH4 and CO2 undergo dissociation separately, their decomposition 
products terminate the respective dissociation by covering the metal surface. While the 
dissociation of CH4 is enhanced by adsorbed oxygen, the dissociation of CO2 is also 
facilitated by adsorbed hydrogen and possibly by other CHx residues [91].  
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The formation of undesired H2O in the reverse water gas shift (rWGS) reaction 
will compete with CO2 for subsequent reactions with carbon formed by dissociation of 
CH4. 
CO2 + C → 2CO 
H2O + C → H2 + CO 
In Rostrup-Nielsen and Bak Hansen's [92] study over transition metals, the latter 
reaction which represents steam reforming appears to be faster than CO2 reforming 
reaction. It indicates that the effectiveness of catalysts for CO2 reforming depends on the 
catalyst ability to activate CO2. 
In addition, according to Basini and Safilippo [93], from thermodynamic point of 
view, the following reactions can also occur: 
CO2 + 4 H2 → CH4 + 2 H2O    Hr = −164.9 kJ/mol 
CO + 3 H2 → CH4 + H2O    Hr = −205.9 kJ/mol 
However, their experimental data over Rh based catalyst showed that the first reaction has 
selectivity and rate an order of magnitude higher than the second reaction. 
 
2.1.5. Kinetic modeling 
 Verykios [94] proposed a kinetic model for Ni/La2O3 catalyst using a range of 
techniques to elucidate the reaction mechanism. He observed that the stable La2O2CO3 
compound, formed from interaction of La2O3 with CO2, partially covered Ni particles. 
Catalytic activity occurred at the interface of Ni and La2O2CO3 species. This oxycarbonate 
species participated directly in the reaction by reacting with the deposited carbon. 
Therefore, the carbon deposition was less and the activity of Ni sites was restored. He also 
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reported that methane decomposition on Ni sites and surface reaction between deposited 
carbon and oxycarbonate species are the rate determining steps. Based on these 
observations, few steps of mechanism were proposed. Firstly, the adsorption of methane 
on the surface of Ni site was reversible reaction while the methane cracking was a slow 
step. Secondly, the strong interaction between CO2 and La2O3 support to form La2O2CO3 
was considered a fast step and at equilibrium. Finally, the step where oxycarbonate species 
react with carbon deposited onto Ni particles was also considered to be a slow step. The 
detail mechanism and the kinetic model were proposed and presented in Table 2-2.  
 
Table 2-2 Kinetic model of CO2 reforming of methane on Ni/La2O3 catalyst 
Mechanism   
Adsorption 1K
4 4CH S S CH
   
Equilibrium 
Surface reaction 2k
4S CH S C 2H     RDS 
Adsorption 3K
2 2 3 2 2 3CO La O La O CO
   
Equilibrium 
Surface reaction 4k
2 2 3 2 3La O CO C S La O 2CO S      RDS 
Rate of reaction 
4 2
4
4 2 4 2
1 2 3 4 CH CO
CH
1 2 3 CH CO 1 2 CH 3 4 CO
K k K k P P
R












K k 2.61 10 exp (mol / g s)(kPa)
T






K 5.17 10 exp (kPa)
T






k 5.35 10 exp (mol / g s)
T




 Since kinetic model also depends on the choice of metal and catalyst support, the 
proposed model by Verykios was only applicable to Ni/La2O3 catalyst. Therefore, a lot of 
kinetic models have been proposed. Table 2-3 tabulates some of the kinetic models found 
in the literature. 
 
Table 2-3 Various kinetic models for CO2 reforming of methane 
Model Catalyst Reference 
4CH
1 CH CO4 2r
(4 x)/2
1 7 CO H 1 7 CH CO2 4 2
kˆ P P
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CO R,C CO2
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2.1.6. Potential applications 
2.1.6.1  Production of chemicals and fuel 
The lower H2/CO ratio produced by the DRM reaction is suitable for Fischer-
Tropsch reaction which was found by German scientists Franz Fischer and Hans Tropsch. 
It converts mixture of H2 and CO to liquid fuels in various forms according to the 
following reaction: 
(2n+1) H2 + n CO → CnH(2n+2) + n H2O ( where n is positive integer) 
Another large potential of new application using 1/1 ratio of H2/CO is production 
of dimethyl ether (DME) using a new direct route which avoids the intermediate methanol 
production step [90]. DME is an intermediate product for the production of synthetic 
gasoline and isobutene via isobutanol. The isobutene then can react with methanol to 
produce octane enhancer methyl tertiary butyl ether (MTBE), according to the following 
reactions: 
3 CO + 3 H2 → CH3OCH3 + CO2 
2 CH3OCH3 → C4H9OH + H2O 
C4H9OH → C4H8 + H2O 
C4H8 + CH3OH → CH3OC(CH3)3 
 
2.1.6.2 Chemical energy storage and applications 
The concept of chemical energy storage is reversible chemical reactions using 
renewable energy source. In this case, CO2/CH4 reforming and its reverse CO/H2 
methanation using solar energy are considered to be frontrunner for thermochemical heat 
pipe (TCHP) application in the storage and transmission of solar energy. This concept can 
be seen diagramatically in Figure 2-1 and 2-2 [90]. 









Figure 2-1 Concepts for closed-loop thermochemical heat-pipes 
 
Figure 2-2 Concepts for open-loop thermochemical heat-pipes 
 
In closed-loop TCHP, CO2 reforming of methane using high temperature source of 
solar energy will produce CO and H2. Both these products can be stored or transported to 
a separate site and subsequently used in CO/H2 methanation to release the stored chemical 
energy. The products of reverse reaction are then sent back to the endothermic reactor to 
complete closed-loop cycle. 
Unlike in the former case, the product gas (CO and H2) from CO2 reforming of 
methane is directly combusted to produce heat and power in open-loop TCHP. However, 
Endothermic reactor 
CO2/CH4 → CO/H2 
Combustion 






CO2/CH4 → CO/H2 
Exothermic reactor 
CO/H2 → CO2/CH4 
Storage 
Transport 
Solar energy input Energy output 
CH4/CO2 
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in this case, it will produce more CO2 and increase its concentration in the atmosphere. In 
addition, the open-loop cycle also requires a source of cheap CO2. 
 
2.2. Partial oxidation of methane 
 Besides CO2 reforming of methane, partial oxidation of methane (POM) is also an 
attractive technology to produce syngas, but the H2/CO ratio produced from POM reaction 
is 2.0 instead of 1.0 from DRM reaction. Figure 2-3 shows the schematic diagram of the 
POM reaction and the thermodynamic information. Based on the information, York et al. 
[95] showed some advantages of the POM reaction compared to steam reforming of 
methane (SRM). 
1. Partial oxidation is a mildly exothermic reaction while steam reforming is highly 
endothermic. Therefore, in term of cost from the heat required, partial oxidation will 
be more economical. Moreover, combination with endothermic reactions, such as 
steam reforming or CO2 reforming makes the whole processes more efficient.  
2. The theoretical H2/CO produced from partial oxidation is 2.0, while the H2/CO ratio 
from steam reforming is 3.0. The H2/CO ratio of 2.0 is ideal for downstream process 
such as Fischer-Tropsch, while it needs to remove some amount of valuable hydrogen 
from the product of steam reforming before sending to downstream process. 
3. The CO2 content produced from partial oxidation can be extremely low. However, it is 
usually removed before used in downstream process. 
4. A large amount of expensive superheated steam is not required for partial oxidation 
technology. However, a gas separation plant is also costly but required to separate 
oxygen from nitrogen in air.  
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Figure 2-3 Thermodynamic diagram of partial oxidation of methane 
 
Besides the main reaction, a lot of side reactions may occur during the reaction. Below are 
overall reactions possibly occurred in POM reaction [96]: 
POM: CH4 + ½ O2 → CO + 2 H2 H°298 = -35.7 kJ/mol 
Combustion: CH4 + 2 O2 → CO2 + 2 H2O H°298 = -803 kJ/mol 
Methanation: CO + 3H2 → CH4 + H2O H°298 = -206.2 kJ/mol 
Water-Gas Shift: CO + H2O ↔ CO2 +  H2 H°298 = -41.2 kJ/mol 
Cracking: CH4 ↔ C + 2H2 H°298 = 74.9 kJ/mol 
Boudouard: 2CO ↔ C + CO2 H°298 = -172.4 kJ/mol 
The POM reaction generally operates at a very low contact time (about 
millisecond). However, since the reaction is very exothermic, a high methane conversion 
(>90%) coupled with very high space velocity (≥500,000 cm3g-1h-1) leads to production of 
a large amount of heat in a small catalyst zone, even at very high selectivity (>95 %) for 
CO and H2, causing a large adiabatic temperature rise. This sudden temperature rise is 
CH4 
CO + H2 
+ ½ O2; partial oxidation 
CH4 + H2O ↔ CO + 3H2 
(H°298 = 206 kJ mol
-1
) 
CH4 + CO2 ↔ 2CO + 2H2 





(steam and CO2) 
CH4 + CO2 + H2O 
CH4 + 2O2 ↔ CO2 + 2H2O 
(H°298 = -803 kJ mol
-1
) 
Chapter 2 Literature Review 
32 
difficult to control and ultimately results in the deactivation of a thermally unstable 
catalyst. Moreover, a small amount of coke is also reported to deposit on catalyst surface.  
  Prettre et al. [97] in 1946 are the first ones to report the use of 10wt% refractory 
supported on nickel catalyst to produce syngas via POM at temperature between 700-
900°C. The observed exit gas composition had good agreement with the calculated 
equilibrium gas composition, indicating that thermodynamic equilibrium was achieved 
under all investigated conditions.  
Since last few decades, extensive efforts have been made to investigate noble 
metal and non-noble metal catalysts for syngas production from the POM reaction.  
 
2.2.1 Non-noble metal catalysts 
 Non-noble metal catalysts, especially nickel, have been investigated extensively 
since 1990. Dissanayake et al. [19] investigated a 25 wt% Ni/Al2O3 catalyst in the 
temperature range of 450-900°C and reported that selectivity of carbon was nearly 95% 
and complete conversion of methane could be achieved at temperatures >700°C. They 
observed that the catalyst bed consisted of three different regions: NiAl2O4 (upstream 
section), NiO+Al2O3 (middle section), and reduced Ni/Al2O3 (downstream section). In the 
upstream section, a moderate activity for complete oxidation of methane to CO2 and H2O 
was observed when the CH4/O2/He feed mixture contacted with NiAl2O4 compound. In 
the middle section, the mixture of NiO + A12O3 catalyzed complete oxidation of methane 
to CO2, resulting in a sudden increase in temperature of the bed. Since O2 had been 
consumed in the second region, the third section of the catalyst bed consisted of a reduced 
Ni/Al2O3 phase. The Ni/Al2O3 phase catalyzed reaction between CO2 or H2O resulted 
from oxidation reaction in upstream and middle sections with CH4 to produce CO and H2. 
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 Choudhary et al. reported a high conversion of methane and high selectivity to CO 
and H2 over NiO/CaO [98], Ni/Al2O3 [99], Ni/rare earth oxide [100], and Co/rare earth 
oxide [101] catalysts. However, the main problem encountered with non-noble metals 
catalysts is the low stability [102], while the main causes of the catalyst deactivation are 
carbon deposition and metal sintering in the catalyst. Therefore, extensive efforts have 
been taken to develop high stability nickel catalyst and high resistance to metal sintering 
by incorporation in suitable supports, such as CeO2 [103], SrTiO3 [104], MgO [105], and 
La2O3 [106].  
Choudhary et al. [107] also investigated the NiO-MgO catalyst over low surface 
area catalyst support and found that the methane conversion and product selectivity of the 
unsupported NiO-MgO catalyst were higher than those supported on low surface area 
support. However, when the catalyst was prepared by depositing NiO on the MgO-
precoated-catalyst support, it showed comparable performance to that of the unsupported 
NiO-MgO catalyst. The difference was attributed to the role of MgO to avoid the chemical 
interaction of NiO and the support by providing a stable protective layer and to stabilize 
nickel on the support surface against sintering by forming a NiO-MgO solid solution.  
 Promoters are generally known to have significant influence in catalyst 
performance. For example, addition of La2O3 to Ni/Al2O3 catalyst was reported to lower 
down the ignition temperature of the reaction [108]. Furthermore, it was reported that the 
introduction of alkali and rare metal earth oxides, such as Li and La oxides to Ni/Al2O3 
catalyst formed LiNiLaO/Al2O3 compound which showed high conversion of methane and 
high selectivity to CO as well as high coke resistance [109]. Fe was also reported to have 
positive effect on catalytic performance of Ni/La2O3 catalyst [110]. 
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2.2.2 Noble metal catalysts 
 Noble metal catalysts have also been investigated extensively for POM reaction. 
Ashcroft et al. [111-112] investigated the catalytic performance of noble metal catalysts, 
such as Rh, Ru, Pd, Ir, and Pt compared to Ni catalyst supported on alumina. They found 
that all catalysts showed performance near to the equilibrium, probably due to the high 
temperature they used in the reaction, around 777°C. They also showed that the order of 
carbon formation rate for POM reaction was Ni> Pd> Rh> Ir [113].  
 Matsui et al. [114] investigated the reactivity of carbon species on noble metal 
catalysts, such as Ru over few commercial supports and reported that the reactivity of 
carbon species (CHx) from methane decomposition on Ru catalyst depended on the 
supports. Ru/La2O3, Ru/Y2O3, and Ru/ZrO2 catalysts gave higher reactivity than Ru/Al2O3 
catalyst since they produced more uniform and reactive carbon species. 
Boucouvalas et al. [115] reported that Ru/TiO2 catalyst exhibited high selectivity 
to syngas in the methane conversion range below 25%, while Ru/SiO2, Ru/-Al2O3, and 
Ru/YSZ catalysts showed zero selectivity under similar condition. Further observation 
using isotopic labeling experiments on Ru/TiO2 catalyst showed that the direct partial 
oxidation route was largely responsible for the high CO and H2 selectivity.  
Elmasides et al. [116] further investigated the excellence of Ru/TiO2 catalyst using 
XPS and FTIR. They reported that reduction temperature played an important role in 
direct route of syngas formation on Ru/TiO2 catalyst. During hydrogen treatment at 
300°C, the Ru/TiO2 catalyst was incompletely reduced and oxidized Ru species were 
detected in the introduction of methane-oxygen mixture at 500°C and 700°C. In contrast, 
ruthenium was fully reduced during hydrogen treatment at 550°C and no re-oxidation of 
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Ru was observed during treatment with methane-oxygen mixuture, indicating the presence 
of interaction between Ru and TiO2. This interaction was claimed to be the main reason to 
promote the direct route of syngas formation. 
  Ashcroft et al. [117] reported the use of pyrochlore type of rare-earth ruthenium 
catalysts, Ln2Ru2O7 (where Ln is lanthanide) such as Pr2Ru2O7, Sm2Ru2O7, Eu2Ru2O7, 
Gd2Ru2O7, Tb2Ru2O7, Dy2Ru2O7, Tm2Ru2O7, Yb2Ru2O7, and Lu2Ru2O7. Pure ruthenium 
oxide was found to be less effective compared to the rare-earth pyrochlore catalysts. 
Further examination of the catalysts after reaction showed reduction had occurred giving 
ruthenium metal particles on the surface of a defect fluorite (Ln, Ru)O2-x. 
 Nakagawa et al. [118] investigated the effect of supports over iridium catalyst in 
POM reaction and reported that the catalyst activity decreased with the order of Ir/TiO2≥ 
Ir/ZrO2≥ Ir/Y2O3> Ir/La2O3> Ir/MgO≥ Ir/Al2O3> Ir/SiO2. The excellence of Ir/TiO2 
catalyst was reported due to its resistance to carbon deposition [119].  
Jones et al. [120] examined europium iridate (Eu2Ir2O7) catalysts and showed that 
the unreduced europium iridate was inactive. However, during catalyst reduction, it was 
active to produce syngas since it decomposed to iridium metal supported on europium 
oxide, Eu2O3. 
 Buyevskaya et al. [121] reported that the product distribution on Rh/-Al2O3 
catalyst was strongly affected by degree of surface reduction. Moreover, methane 
oxidation proceeded via a redox mechanism with lattice oxygen to produce CO2. This CO2 
underwent fast reaction with surface carbon species via reverse Boudouard reaction to 
form CO. Analogous results were also obtained for Pd/-Al2O3, Ru/-Al2O3, and Pt/-
Al2O3 catalysts.  
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Wang et al. [122] reported that methane decomposition occurred on reduced metal 
sites and pre-adsorption of oxygen decreased the methane adsorption rate. They also 
reported that water adsorption on the support acted as an oxygen source through inverse 
spillover of water or OH onto the Rh particles. From their observation, it was claimed that 
CO2 was formed by fast oxidation of CO with adsorbed oxygen or through the 
nucleophilic attack of OH, while H2O was formed from rapid reduction by hydrogen of 
adsorbed OH and adsorbed oxygen. In addition, CO was produced from CHx through 
oxidation by means of adsorbed oxygen or by the nucleophilic attack by adsorbed OH as 
well as from dissociation of CO2. 
 Baranova et al. [123] investigated Rh/YSZ catalyst promoted with TiO2 and 
reported that the remarkable increase in catalytic activity of Rh catalyst was affected by 
interfacing polycrystalline Rh films with a dispersed TiO2 interlayer deposited on YSZ. 
The main reason of increase in catalytic activity was the lowered stability of surface Rh 
oxide against reduction to metallic Rh. The phenomenon was attributed to either electronic 
type strong metal–support interactions or self-driven wireless electrochemical promotion 
mechanism. In both cases, the ultimate cause of promotion was the different work 
function of catalyst and support. Equilibration of the Fermi level resulted in transfer of 
negative charge from Rh to TiO2. The charge transfer weakened Rh–O bond and promoted 
the reduction of rhodium oxide. 
 Otsuka et al. [124] investigated performance of CeO2 for POM reaction and 
obtained the H2/CO (syngas) ratio of 2.0. However, the formation rate of H2 and CO can 
be remarkably enhanced by adding Pt as a catalyst. The enhancement of methane 
conversion due to the presence of noble metals such as Rh or Pt was also reported by Fathi 
et al. [125]. They observed that the reducibility of cerium oxide was significantly 
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enhanced by adding Rh or Pt. Further observation showed that product ratio of 
H2/(H2O+H2) and CO/(CO2+CO) increased with increasing degree of reduction of the 
cerium oxide, indicating that carbon was formed on reduced Pt and Rh. 
 Yan et al. [126] studied the effect of modifying Pt/Al2O3 catalyst with CeO2 and 
found that the addition of ceria could enhance the Pt dispersion, decrease the Pt crystalline 
size, and increase the product selectivity. The optimal amount of CeO2 was 1-2wt%. They 
also reported that cerium oxide promoted water gas shift (WGS) reaction by a redox cycle 
mechanism, which increased the hydrogen selectivity. Mattos et al. [127] also investigated 
effect of addition of ceria to Pt/ZrO2. Compared to Pt/ZrO2 catalyst, Pt/Ce-ZrO2 catalyst 
was more active, stable, and selective due to higher reducibility and oxygen 
storage/release capacity. These two properties allowed a continuous removal of coke 
deposition from the active sites and favoring the stability and activity of the catalyst. 
 Fangli et al. [128] investigated the influence of catalyst supports on palladium 
catalyst and reported that Pd/CeO2-ZrO2 catalyst exhibited higher catalytic activity and 
stability compared to Pd/-Al2O3. The main reason of high stability was lower carbon 
deposition rate due to lattice oxygen mobility of CeO2-ZrO2.  
Furthermore, effect of promoter addition to Pd/Al2O3 catalyst was investigated by 
Feio et al. [129]. They reported that Pd/Al2O3 catalyst deactivated during POM reaction 
while CeO2-promoted Pd/Al2O3 catalyst showed higher stability with higher CeO2 
loading. They found that the crystal size of ceria increased with increase in CeO2 loading 
or calcination temperature. In contrast, the dispersion of Pd decreased with either use of 
supports calcined at lower temperature or increase of CeO2 loading. The increase of 
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activity and stability with decreasing Pd dispersion was attributed to the partial coverage 
of Pd by [CePdxO]Pd
0
 species, which showed high activity to promote coke gasification.  
Furthermore, Ryu et al. [130] pointed out that, compared to Pd/-Al2O3 catalyst, 
Pd/CeO2/Al2O3, Pd/CeO2/BaO/Al2O3, Pd/CeO2/BaO/SrO/Al2O3 catalysts exhibited higher 
catalyst activity. Further observations concluded that addition of BaO gave a more stable 
support, while addition of ceria improved both the thermal stability of the support and the 
activity of the Pd catalyst. When ceria and BaO were added together to Pd/-Al2O3, the 
improvement in thermal stability of the support and activity of the Pd catalyst were 
observed. It was also reported that the addition of BaO, CeO2, or BaO–CeO2 to -Al2O3 
prevented the transformation of alumina phase during the 3-day aging process at 1000°C. 
The addition of small amounts of SrO to the CeO2/BaO/Al2O3 support increased the 
dispersion of the Pd particles, which led to higher catalyst activity. The other role of SrO 
was to enhance the thermal stability of the Pd particles, so that the deactivation due to the 
sintering of the Pd particles was minimized. The optimum composition of Pd catalyst 
which gave the highest activity and the best thermal stability was 
Pd(2)/CeO2(23)/BaO(11)/SrO(0.8)/Al2O3. 
 
2.2.3 Reaction mechanism 
Up to date, there are three mechanisms proposed for the POM, i.e. combustion and 
reforming reaction mechanism (CRR), direct partial oxidation mechanism (DPO) [131], 
and catalytic partial oxidation (CPO). 
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2.2.3.1 Combustion and Reforming Reactions mechanism (CRR) 
 Prettre et al. [97] were the first ones proposing the CRR mechanism. They 
observed that the axial temperature profile of the catalyst bed was not uniform. At the 
front of catalyst bed, the temperature was much higher than the inner part and the furnace 
temperature. The temperature profile clearly showed the occurrence of initial exothermic 
methane combustion reaction to produce carbon dioxide and water followed by 
endothermic reactions (CO2 reforming of methane and steam reforming of methane) as 
shown in Figure 2-2 and water-gas shift reaction to produce syngas. Indeed, the noble 
metal and nickel have been independently shown to catalyze CO2 reforming of methane, 
steam reforming of methane, and water gas shift reactions very efficiently.  
Vernon et al. [112] studied the effect of reaction condition on the product 
distribution and found that the selectivity to carbon dioxide and water increased with 
increasing either space velocities or methane/oxygen ratio. This indicated that syngas was 
a secondary product and confirmed the CRR mechanism. 
 
2.2.3.2 Direct Partial Oxidation mechanism (DPO) 
 This mechanism was proposed by Hickman and Schmidt [132-135] who studied 
the rhodium and platinum coated monolith catalyst under adiabatic conditions at very 
short residence time (<10
-2
s). They observed higher selectivity to H2 over Rh catalyst 
compared to that for Pt catalyst (86 and 64%, respectively), while selectivity to CO were 
similar for both metals (95 and 89%, respectively). The higher selectivity to H2 over Rh 
could be attributed to the much slower rate of OH formation on Rh surface. Interestingly, 
at double residence time, there was no significant improvement in conversion and 
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selectivity. Based on the observations, the syngas is produced as a primary product via 
following reactions: 
 CH4 → CHx,s + (4-x) Hs 
 2Hs   → H2,g 
 O2,g → 2Os 
 Cs + Os → COs → COg 
However, any side reactions involving OH to produce H2O and CO2, such as  
 CHx,s + Os →  CHx-1,s + OHs 
 Hs + Os → OHs 
 OHs + Hs → H2Og 
 COs + Os → CO2,g 
have to be considered because reverse reactions of these products are slow or 
thermodynamically unfavorable.  
 
2.2.3.3 Catalytic Partial Oxidation mechanism (CPO) 
This mechanism was recently proposed by Veser et al. [136] who found that partial 
oxidation of methane at very low contact time in millisecond proceeds in two stages: 
initial direct oxidation to CO and H2O (CH4 + 1.5 O2  CO + 2 H2O, H = -519 kJ/mol), 
followed by steam reforming of methane (CH4 + H2O  CO + 3 H2, H = 210 kJ/mol). In 
addition, total oxidation of methane (CH4 + 2 O2  CO2 + 2 H2O, H = -802.3 kJ/mol) 
can also proceed as the side reaction. [137-138]. The mechanism was also in agreement 
with the results from kinetic study, isotopic data and density functional theory [139-140]. 
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2.2.4 Kinetic modeling 
 Forzatti and co-workers [141-142] proposed kinetic models based on combustion-
reforming reaction (CRR) mechanism, which consisted of methane combustion, steam 
reforming of methane, water gas shift reaction, reverse water gas shift reaction, H2 
oxidation, and CO oxidation. The proposed kinetic scheme and the parameter estimation 
are shown in Table 2-4. 
 
 
Table 2-4 Kinetic model for partial oxidation of methane 
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2.3. Combination of DRM and POM – Oxidative CO2 Reforming of Methane 
 Even though the coke deposition rate in CO2 reforming of methane can be 
minimized by modification of catalyst, the high energy requirement prevents it to be 
commercialized. On the other hand, although partial oxidation of methane is a highly 
energy efficient reaction due to exothermic reaction, it can also be potentially hazardous 
from the viewpoint of hotspot formation coupled with poor heat transfer. Moreover, the 
pure oxygen required for the POM is also costly. An interesting approach is to combine 
the advantages of both reactions to minimize the disadvantages. Combination of DRM and 
POM results in a reaction called oxy-CO2 reforming of methane (OCRM). 
There are few practical advantages of this combination reaction over either DRM 
reaction or POM reaction. The first major advantage is that the amount of carbon 
deposition can be reduced since the oxygen available in the reaction system can easily 
oxidize the deposited carbon on catalyst surface. Secondly, since the OCRM reaction 
combines both exothermic (POM) and endothermic (DRM) reactions, the total energy 
requirement for the OCRM reaction can be reduced as well. Third, the H2/CO ratios can 
be tailored to suit the requirement of the downstream processes. The ratio range around 1-
2 can be produced via adjustment of CH4/CO2/O2 feed ratio. 
Chapter 2 Literature Review 
43 
 According to Choudhary et al. [143-144], the following reactions can occur during 
OCRM reaction depending on the process conditions: 
 CH4 + ½ O2 → CO + 2 H2  Hr = -5 kcal/mol  (5) 
 CH4 + CO2 → 2 CO + 2 H2 Hr = 61 kcal/mol   (6) 
 CH4 + H2O → CO + 3 H2  Hr = 54 kcal/mol   (7) 
 CH4 + 2 O2 → CO2 + 2 H2O Hr = -192 kcal/mol  (8) 
 CH4 + 1½ O2 → CO + 2 H2O Hr = -124 kcal/mol  (9) 
 CO + H2O → CO2 + H2  Hr = -8 kcal/mol  (10) 
 CO2 + H2 → CO + H2O  Hr = 8 kcal/mol  (11) 
Reaction (5) represents the POM reaction, while reaction (6) and (7) represents the DRM 
reaction and the SRM reaction, respectively. Reactions (8) and (9) are expected to produce 
energy for the reaction. Reactions (10) and (11) are the water gas shift (WGS) and the 
reverse water gas shift (rWGS) reactions, respectively.  
 The exact mechanism for the OCRM reaction is not clear until now. However, the 
syngas production was postulated to occur via the simultaneous partial oxidation to CO 
and H2 [144] or complete combustion of methane followed by steam and CO2 reforming 
of methane to CO and H2 [95]. 
Choudhary and Choudhary [146] emphasized two important issues for the catalyst 
development for OCRM reaction: 
a. The catalyst should have a high activity for individual DRM and POM reactions. 
b. The catalyst should have high thermal resistant and coke resistance towards carbon 
deposition as the coke deposition deactivates catalyst very fast. 
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 Ashcroft et al. [18] found that the order of the catalyst activity for the OCRM was 
Ir/Al2O3 = Ni/Al2O3 > Rh/Al2O3 > Pd/Al2O3 > Ru/Al2O3. However, the carbon formation 
in Ni/Al2O3 is the highest among the others with the order Ni/Al2O3 >> Pd/Al2O3 > 
Ir/Al2O3 = Rh/Al2O3 = Ru/Al2O3. Even though Ir/Al2O3 was found to be the best catalyst 
for this reaction, the price was very expensive. Therefore, Ni appears to be the most 
promising catalyst due to the cheaper price.  
 Jing et al. [145] investigated Ni/SiO2 and SrO-promoted-Ni/SiO2 catalysts and 
found that the addition of SrO to Ni/SiO2 catalyst increased the resistance to Ni 
aggregating, leading to a high and stable activity for the OCRM reaction. They claimed 
that the high and stable activity was due to enhanced interaction between Ni species and 
SrO-promoted support. The addition of La2O3 to Ni/SiO2 catalyst was also found to 
enhance catalytic activity due to strong interaction between NiO and La2O3 to form a La-
Ni complex oxide in the Ni-La2O3/SiO2 catalysts [147].  
Jing et al. also reported the effect of Ni precursors on Ni/SiO2 catalyst [148]. The 
nickel citrate precursor enhanced interaction between NiO and support to form nickel 
silicate. Once reduced at high temperature, this nickel silicate could produce small 
crystallites of metallic nickel. The smaller nickel particles gave higher catalytic activity 
than the larger ones. The same results were obtained on Ni/SiO2 and Ni-Al2O3/SiO2 
catalysts prepared from either nickel citrate or nickel nitrate precursors [22]. 
 Ruckenstein and Hu [149] investigated the Ni/MgO, Ni/Al2O3, and Ni/SiO2 
catalysts and reported that the reduced Ni/MgO gave higher activity and stability than 
reduced Ni/Al2O3 and Ni/SiO2 catalysts, due to formation of solid solution NiO/MgO 
which inhibited carbon deposition and Ni sintering. Furthermore, it was reported that the 
CH4 conversion increased with increase of O2/CO2 ratio, while the apparent conversion of 
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CO2 passed through a maximum. They also found that the formation of solid solution of 
CoO and MgO was identified as the main reason of higher activity and stability compared 
to Co/CaO and Co/SiO2 catalysts [150].  
Choudhary and Mamman [151] combined the excellence of Co/MgO catalyst and 
NiO/MgO catalyst and reported that the addition CoO to NiO-MgO catalyst improved the 
catalyst performance and coke resistance. They also reported that the presence of cerium 
oxide in the NiCoMgCeOx/Zr-Hf catalyst not only provided an oxygen storage capacity, 
but also greatly enhanced the mobility of lattice oxygen in the catalyst and thereby kept 
the catalyst surface free from coke accumulation [152].  
 Goldwasser et al. [153] studied perovskite LaFe1-xCoxO3 catalyst and reported that 
using citrate sol-gel method, it was possible to obtain highly crystalline, homogenous and 
pure solids with well-defined structures. Once reduced, this perovskite catalyst could 
produce highly dispersed Co metallic particles stabilized by iron, leading to inhibition of 
metal sintering and coke formation, hence, increased the catalyst stability. 
 The catalytic performance of noble metal catalyst, such as Pt was investigated by 
Wang et al [154]. The Pt/ZrO2 catalyst showed a strong deactivation in OCRM reaction. 
However, the addition of CeO2 to the Pt/ZrO2 catalyst resulted in a more active, stable and 
selective due to increase of oxygen storage capacity and ability to facilitate fast removal of 
coke deposition from the metal particle. 
  Tomishige et al. [155-156] investigated the bimetallic Pt-Ni catalyst over Al2O3 
support and reported that a large temperature gradient was observed near the catalyst bed 
inlet for Ni/Al2O3 catalyst. However, the addition of Pt to the Ni/Al2O3 catalyst showed a 
flat temperature profile, suggesting that the methane combustion and reforming could 
proceed simultaneously and heat of combustion was effectively supplied to the reforming 
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reaction. Further observation revealed that the surface Pt atoms on Ni catalyst contributed 
to the enhancement of the catalyst reducibility. 




Role of catalyst support over Pd−Ni catalysts  
on catalyst activity and stability 
 
 This chapter describes the role of catalyst support over Pd−Ni catalysts on catalyst 
performance. Pd−Ni catalysts over several commercial metal oxides were synthesized 
using incipient wet impregnation method. The activities of Pd−Ni catalysts for syngas 
production via oxy−CO2 reforming of methane were investigated at temperatures ranging 
from 500°C to 800°C in a fixed−bed continuous−flow reactor. The Pd−Ni/Y2O3 and 
Pd−Ni/Al2O3 catalysts show very high CH4 and CO2 conversions due to the formation of 
metal−support compound on these catalysts. On the Pd−Ni/Y2O3 catalyst, Pd interacts 
with Y2O3 support to form PdxOyYz compound while Ni interacts with Al2O3 support to 
form NiAl2O4 spinel compound on the Pd−Ni/Al2O3 catalyst. However, the amount of 
deposited carbon on the spent Pd−Ni/Y2O3 catalyst is much lower than the one on the 
Pd−Ni/Al2O3 catalyst due to the presence of surface −oxygen species and ability of Y2O3 
to form oxycarbonate species, resulting in stable catalytic performance without noticeable 
deactivation during reaction. The surface −oxygen species are found to promote cracking 
of C−H bond in CH4 while the oxycarbonate species can oxidize the deposited carbon, 
respectively, hence leading to the stability of the Pd−Ni/Y2O3 catalyst. 
  




Catalytic CO2 (dry) reforming of methane (DRM) is an attractive technology for 
syngas production [157-160] as DRM utilizes CO2 and CH4, which two major green-
house effect gases are causing global warming [161]. However, serious problems in this 
reaction are the high carbon deposition rate and metal sintering which can easily 
deactivate the catalyst. Although there is an extensive ongoing research to modify the 
Ni−based catalyst in order to improve its coke and metal sintering resistance, the 
requirement of extensive energy for this highly endothermic reaction currently prevents its 
commercialization in industry [162-166]. 
Due to these three serious drawbacks, it is desirable to consider oxy-CO2 
reforming of methane (OCRM) which combines partial oxidation of methane (POM) − an 
exothermic reaction − with CO2 (dry) reforming of methane (DRM) − an endothermic 
reaction. The stoichiometric equations of POM and DRM reactions are written as follows: 
DRM: CH4 + CO2  2 H2 + 2 CO H298 = 247.3 kJ/mol 
POM: CH4 + ½O2  2 H2 +  CO H298 = −35.6 kJ/mol 
A combination of these two reactions not only can reduce the amount of carbon deposition 
since the oxygen can easily oxidize the deposited carbon on the catalyst, but also can 
reduce the total energy requirement since OCRM combines both exothermic POM and 
endothermic DRM reactions.  
For a supported metal catalyst, it has been well established that factors such as 
catalyst support affects the catalyst activity. Some researchers have performed OCRM 
reaction using few catalyst supports, for example, Ni/MgO [65], Ni/SiO2 [22], and 
Ni/Al2O3 [166]. However, there is no literature reported on Pd−Ni catalyst for OCRM 
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reaction. Therefore, it is necessary to investigate the effect of catalyst support over Pd−Ni 
catalysts on catalyst performance using commercial metal oxides. 
In this study, the effect of catalyst supports on the catalytic performance of the 
Pd−Ni catalysts was investigated using few commercial catalyst supports. The catalyst 
supports used in this study were alumina (Al2O3), yttria (Y2O3), ceria (CeO2), lanthania 
(La2O3), and titania (TiO2). All these supports were chosen due to their specific properties:  
alumina for its high surface area, yttria for its high surface oxygen mobility, ceria for its 
high oxygen storage capacity, lanthania for its ability to form oxycarbonate compound, 
and titania for its strong metal−support interaction (SMSI).  
 
3.2 Experimental 
3.2.1 Catalyst synthesis 
The catalysts were synthesized using conventional wet−impregnation method over 
the selected catalyst supports (−Al2O3, CeO2, Y2O3, La2O3 and TiO2) with a mole ratio of 
Pd/Ni of 1/1. The precursor of Pd was PdCl2 (99%) which was purchased from Nacalai 
Tesque, while the Ni precursor was obtained from Strem Chemicals in the form of 
Ni(NO3)2.6H2O. −Al2O3 (Sigma Aldrich), La2O3 (Nacalai Tesque), CeO2 (Strem) Y2O3 
(Strem) and TiO2 (Strem) were used as the catalyst supports. The catalysts were prepared 
by the wet impregnation of the Pd and Ni precursors at room temperature and the 
impregnated catalysts were dried in oven at 100
o
C for 12 h before they were calcined 
under air at 800
o
C for 4 h. The Pd/Y2O3 and Ni/Y2O3 catalysts, which were prepared 
similarly using the impregnation method, were used for reference in this study. 
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3.2.2 Characterization methods 
3.2.2.1 Specific surface area measurement 
The specific surface area of each catalyst was measured by adsorption and 
desorption of N2 at −196°C on Autosorb−1. Prior to the surface area measurement, the 
catalyst was outgassed at 250°C for a minimum of 12 h. The specific surface area of the 
catalyst was determined from the linear portion of BET plot. 
 
3.2.2.2 ICP−MS 
The metal content of each catalyst was measured on Agilent ICP−MS 7700 series. 
The catalyst was dissolved in a mixture of HNO3 0.5 M and HCl 0.5M followed by 
filtering using a microfilter. The exact amount of Pd and Ni on Pd−Ni catalyst was 
determined from the calibration curve using reference Pd and Ni solutions. 
 
3.2.2.3 X−ray diffraction 
The X−ray diffraction pattern of each catalyst was measured on a Shimadzu 
XRD−6000 diffractometer using Cu K radiation. The catalyst was placed on an 
aluminum slide and scanned from 2of 10o to 80o with a ramp rate of 2o/min. The beam 
voltage and current used were 40 kV and 30 mA, respectively. 
 
3.2.2.4 FESEM 
The morphology of each catalyst after catalytic test was visually observed using a 
field emission scanning electron microscope (FESEM: JEOL JSM−6700F). Prior to the 
analysis, the sample was coated with Pt under Pt−sputtering for 60 sec at 20 mA. 
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3.2.2.5 TPR and TPD measurements 
Temperature−programmed reduction (TPR) measurement for the each fresh 
catalyst was performed on Quantachrome Chembet−3000. Prior to the TPR measurement, 
0.1 g of catalyst was outgassed in N2 for 3 h at 350
o
C to remove any impurities and then 
cooled down to room temperature. 5%H2/He gas was then introduced to the catalyst while 
the temperature of the furnace was increased to 900
o
C at a heating rate of 10K/min. 
The reduction degree of metal is calculated with the assumption of hydrogen/metal 
ratio of 1. The similar assumption is used for calculation of hydrogen absorption degree 
for Pd-Ni catalysts with negative peak. 
The best three catalysts from catalytic study were further characterized by 
temperature−programmed desorption of oxygen (TPD-O2) using Quantachrome 
Chembet−3000. Prior to the TPD−O2 measurement, 0.2 g of sample was outgassed in He 
for 1 h at 300
o
C to remove any impurities. Purified O2 gas was then introduced at 300°C 
for 1 h and cooled down to room temperature. Purified He gas was then introduced to the 
system to purge out all the remaining oxygen. The TPD−O2 measurement was started 
from room temperature to a maximum furnace temperature of 1000°C under a heating rate 
of 10K/min. 
 
3.2.2.6 X-ray photoelectron spectroscopy 
The X-ray photoelectron spectroscopy (XPS) was performed on Kratos AXIS 
Ultra DLD using a concentric hemispherical analyzer. The Al K gun with photon energy 
of 1486.6 eV was used as the X−ray source. The wide scans were performed using 80 eV 
pass energy while the narrow scans were performed with 40 eV pass energy. Prior to the 
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analysis, the sample was reduced under pure H2 at 600°C for 1 h, which was same as the 
reduction condition during reaction. The sample was then mounted on the standard sample 
stubs using double-sided adhesive tapes and put inside the vacuum chamber to prevent 
oxidation of the sample. The core level signals were obtained at a photoelectron takeoff 
angle (R, measured with respect to the sample surface) of 90°. The X-ray source was run 
at a reduced power of 150 W (15 kV and 10 mA). The pressure in the analysis chamber 
was maintained at 10
−8
 Torr or lower during each measurement. All binding energies were 
referenced to C 1s hydrocarbon peak at 284.5 eV.  
 
3.2.2.7 TEM 
The metal particle size of each catalyst was measured visually using HRTEM 
system JEOL JEM-2100F. The average size was then calculated over 50 particles. Prior to 
the TEM analysis, the catalyst was reduced at 600˚C in pure H2 for 60 min. The catalyst 
was then ultrasonically dispersed in ethanol and spread over perforated copper grids. 
 
3.2.3 Catalytic reaction 
The catalytic reaction was carried out in a fixed bed quartz reactor with inner 
diameter of 4 mm and length of 400 mm. 0.1 g of catalyst was used in each reaction and 
held by the quartz wool placed in the middle of the reactor. The temperature of the catalyst 
bed was controlled and monitored by a thermocouple that was in contact with the top layer 
of the catalyst bed. The catalytic reaction was performed at atmospheric pressure and 
temperatures ranging from 500 to 800˚C. Prior to the catalytic test, the catalyst was 
reduced in 20 mL/min of H2 at 600
o
C for 1 h, followed by purging in 20 mL/min of He 
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while the temperature was increased to the reaction temperature. The feed mixture 
consisting of CH4/CO2/O2 with a molar ratio of 2/1/1 was then introduced to the reactor at 
a flowrate of 20 mL/min. All the gases used here were research grade gases (99.95% CH4, 
99.99% CO2, 99.8% O2, and 99.9995% He). A cold trap filled with 50% glycerol and 50% 
water at temperature of −10oC was installed between the reactor exit and the GC sampling 
valve to condense any moisture formed. The gas product was analyzed using a gas 
chromatograph (HP 6890) equipped with a Hayesep D column and a TCD detector. The 
peak area in the chromatogram was then converted to volume−% using a calibration curve. 
The total flow rate of the product gases was measured using bubble flow meter. Figure 1 
shows the schematic diagram of the experimental setup. The conversions of CH4 and CO2 





























where n is molar flow rate of each gas. 
The total amount of deposited carbon on the spent catalysts collected after the 
catalytic reaction was measured using thermogravimetric analysis (TGA) on a Shimadzu 
DTG−60 thermogravimetric analyzer. Around 10 mg of used catalyst was used in each 
TGA experiment and the used catalyst was heated in air from room temperature to 800ºC 
with a heating rate of 10K/min. 




Figure 3−1 Schematic diagram of experimental setup 
 
3.3 Results and discussion 
3.3.1 Physical properties of Pd−Ni catalysts 
Table 3-1 tabulates the physical properties of the prepared catalysts and their 
corresponding catalyst supports. The surface area of the catalyst supports decreases in the 
following order: Al2O3 > TiO2 > Y2O3 > La2O3 > CeO2. After impregnation of the catalyst 
supports with the Pd and Ni precursors, the surface area of the prepared Pd−Ni catalysts 
decreases significantly with the following order: Pd−Ni/Al2O3 > Pd−Ni/TiO2 > 
Pd−Ni/Y2O3 > Pd−Ni/La2O3 > Pd−Ni/CeO2.  The order of the decreasing area for both the 
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catalyst supports and the catalysts is similar with each other, indicating that the 
impregnation of the Pd and Ni precursors did not change the nature of the catalyst 
supports. 




Metal content (wt-%) 
Pd Ni 
Pd−Ni/Al2O3 133.7 ± 4.4 4.5 ± 0.2 2.6 ± 0.1 
Pd−Ni/TiO2 11.9 ± 1.5 4.3 ± 0.2 2.1 ± 0.1 
Pd−Ni/La2O3 8.0 ± 0.3 4.5 ± 0.2 2.5 ± 0.1 
Pd−Ni/Y2O3 8.6 ± 0.5 4.4 ± 0.2 2.8 ± 0.1 
Pd−Ni/CeO2 4.3 ± 0.5 4.5 ± 0.2 2.0 ± 0.1 
Al2O3 174.9 − − 
TiO2 12.8 − − 
La2O3 9.6 − − 
Y2O3 10.1 − − 
CeO2 4.1 − − 
Metal content measured using ICP−MS 
 
Table 3-1 also tabulates the metal contents of Pd and Ni in all the catalysts as 
analyzed by the ICP−MS. It can be seen that the metal contents of Pd and Ni in all the 
Pd−Ni catalysts were around 4.4 wt-% and 2.4 wt-%, respectively, showing that the 
synthesized catalysts have the Pd/Ni mole ratio of 1/1 as expected. 
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3.3.2 H2-TPR profiles of Pd−Ni catalysts 
Figure 3-2 shows the H2−TPR profiles of fresh Pd−Ni catalysts and its reduction 
degree. The profiles of the Pd/Y2O3 and the Ni/Y2O3 catalysts are provided for references. 
It is observed that there are negative and positive peaks on the Pd/Y2O3 catalyst. The 
negative peak observed at temperatures of 100-130°C characterizes the decomposition of 
β-PdHx phase (the x in -PdHx represents the H2 absorption degree), which was formed 
during the H2 flushing prior to the TPR analysis. The presence of β-PdHx phase indicates 
the formation of large Pd particles [167]. Bakker et al. [168] reported that the H2 
absorption degree is determined by the Pd crystallite size: bigger Pd crystallites absorb 
more hydrogen in the -PdHx phase. 
In addition, two positive peaks are observed at 75-230°C and 700°C. The former 
peak can be assigned to the reduction of the PdO species [13], while the latter peak is 
attributed to the formation of Pd−Y2O3 compound. The TPR peak at 700°C indicates the 
formation of metal−support compound (named here as MSC) between Pd and Y2O3, thus 
causing the shifting of the reduction of palladium to higher temperature. Costa et al. [169] 
observed a reduction peak of Pd/Y2O3 catalyst at high temperature of around 650°C and 
assigned this peak to the reduction of Pd2O4Y compound. However, Pd is known to form 
many complexes with Y2O3, such as Pd2O4Y [169], Pd2O5Y2 [170], and Pd2O7Y2 [171]. 
Therefore, the high temperature TPR peak for the Pd/Y2O3 catalyst observed in our study 
may be temporary associated to the reduction of PdxOyYz compound. Beside Y2O3, the 
formation of a Pd−support compound has also been observed on the Pd/Al2O3 catalyst 
with the general formula of PdxClyOz [172]; in this particular case, Pd has been suggested 
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to form a metal−support compound with the Al2O3 surface as the reduction of Pd 
compound occurred only at a high temperature [173]. 





characterizes the reduction of NiO species. The total amount of H2 consumption agrees 
with the stoichiometric reaction (NiO + H2 → Ni + H2O), suggesting that all the Ni 
species present in the oxidized state were reduced to the Ni metallic state [60]. 
Due to the addition of Pd to Ni catalyst, some changes in the TPR reduction 
patterns are observed on the Pd−Ni catalysts. Total amounts of hydrogen consumption and 
reduction degree are tabulated in Table 3-2. The TPR profile of the Pd−Ni/Al2O3 catalyst 
shows a negative peak at low temperature around 110
o
C characterizing the decomposition 
of the -PdHx phase with H2 absorption degree around 36%. In addition, a positive peak is 
observed at high temperature at around 675-880
o
C characterizing the reduction of the 
NiAl2O4 spinel phase; the presence of this NiAl2O4 spinel phase shows the formation of 
metal−support compound (MSC) between the nickel and the alumina support, resulting in 
the formation of fine Ni particle size due to the stronger resistance to sintering [168]. It is 
also important to point out that there is no reduction of NiO, which is usually found at 
around 370-530
o
C, indicating that all Ni particles have strong interaction with the alumina 
support as the reduction degree of Ni at around 675-880
o
C is almost 100%. 
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Table 3-2 Amount of H2 consumption and reduction degree of Pd−Ni catalysts 
Catalyst H2 consumption (mol/g) Reduction degree (%) 
Pd Ni Pd Ni 
Pd−Ni/−Al2O3 152 426 36* 96 
Pd−Ni/TiO2 127 364 32* 100 
Pd−Ni/La2O3 359 408 85 96 
Pd−Ni/Y2O3 393 457 95 96 
Pd−Ni/CeO2 152 352 36* 100 
*H2 absorption degree due to negative peak 
 
The negative and positive peaks characterizing the decomposition of -PdHx phase 
and the reduction of NiO, respectively, are observed on the Pd−Ni/TiO2 catalyst. The 
absorption degree of -PdHx phase on the Pd−Ni/TiO2 catalyst is comparable with the one 
on the Pd−Ni/Al2O3 catalyst, indicating that the size of Pd particle on the Pd−Ni/Al2O3 
catalyst is similar to the one on the Pd−Ni/TiO2 catalyst. No other peaks are found on the 
TPR profile of the Pd−Ni/TiO2 catalyst. The same negative and positive peaks observed 
on the Pd−Ni/TiO2 catalyst are also found on the Pd−Ni/La2O3 catalyst. In addition to 
those peaks, there is another peak at 120-250
o
C, which corresponds to the reduction of 
PdO species. The combination of -PdHx and PdO peaks on the Pd−Ni/La2O3 catalyst 
suggests that the Pd particles are present from small to big particles. The low absorption 
degree of PdHx around 8% also confirms the presence of smaller Pd particles in the -
PdHx phase. 
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In addition, the reduction of NiO of the Pd−Ni/TiO2 and the Pd−Ni/La2O3 catalysts 
shifts to lower temperature due to the hydrogen spill-over from Pd which is reduced at 
lower temperature than Ni. Once Pd is reduced, the reduced Pd acts as hydrogen 
dissociation sites and the dissociated hydrogen migrates through the catalyst surface to 
reduce the Ni easier than the normal gaseous molecular hydrogen [175]. 
 
 
Figure 3-2 TPR profiles of Pd−Ni catalysts over several catalyst supports 
   
In contrast with other catalysts, there is no negative peak around 100
o
C 
characterizing the decomposition of the -PdHx phase on the Pd−Ni/Y2O3 catalyst, 
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indicating that the Pd particles on the Pd−Ni/Y2O3 catalyst are much smaller than those on 
other Pd−Ni catalysts. Moreover, one high reduction temperature is also observed around 
630-800
o
C. This peak is attributed to the reduction of PdxOyYz compound, which reveals 
formation of MSC between Pd and Y2O3 support as in agreement with the high reduction 
degree of Pd almost 100%. However, the reduction temperature of this peak on the 
Pd−Ni/Y2O3 catalyst is much higher than those on the Pd/Y2O3 catalyst, indicating that the 
metal−support interaction on the Pd−Ni/Y2O3 catalyst is stronger than those on the 
Pd/Y2O3 catalyst. 
Similar to the Pd−Ni/TiO2 catalyst, the TPR profile of the Pd−Ni/CeO2 catalyst 
also shows a negative peak at low temperature characterizing the decomposition of 




C characterizing the reduction of NiO 
species. The reduction temperature of NiO also shifts to lower temperature due to the 
hydrogen spill−over from Pd. These results show that there is no formation of MSC on the 
Pd−Ni/TiO2, Pd−Ni/La2O3 and Pd−Ni/CeO2 catalysts. 
 
3.3.3 XRD patterns of fresh and reduced Pd−Ni catalysts 
Figure 3-3 shows the XRD crystal structure of fresh Pd−Ni catalysts. The XRD 
patterns for NiO and PdO are also provided for reference. The diffraction peaks of NiO 






 whereas the diffraction peaks of PdO are observed 
at 33.9
o
, 41.9° and 54.8°. The diffraction peaks of PdO at 33.9
o
 are observed in all 
catalysts. The presence of PdO peak at 33.9
o
 in those catalysts indicates the formation of 
big PdO particles. However, this peak should be interpreted carefully for the Pd−Ni/Y2O3 
catalyst as the characteristic peak of Y2O3 is at 33.8
o
.  In addition, a small diffraction peak 
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is observed on the Pd−Ni/Y2O3 catalyst at 45.9
o
, which corresponds to the formation of 
PdxOyYz compound, as observed from the TPR results. The presence of this compound 
shows that Pd interacts with Y2O3 support to form MSC. In contrast, the NiO peak is 
hardly observed in all catalysts, indicating that the crystal size of NiO particle is too small 
which is beyond the detection limit of XRD. 
The XRD crystal structure of reduced Pd−Ni catalysts is shown in Figure 3−3b. 
The diffraction peaks of metallic Pd at 40.1°, 46.6°, and 68° (PDF card 00-005-0681) are 
observed in the Pd−Ni/Al2O3, Pd−Ni/La2O3, Pd−Ni/TiO2, and Pd−Ni/CeO2 catalysts. 
However, these metallic Pd peaks are not observed in the Pd−Ni/Y2O3 catalyst since the 
catalyst was only reduced at 600°C while the reduction peak of PdxOyYz compound is 
around 630−800oC. In addition, no diffraction peaks of metallic Ni at 44.4°, 51.6°, and 
76.1° (PDF card 00-001-1258) are observed in all catalysts, indicating that the crystal size 
of Ni particle is beyond the detection limit of XRD. 




Figure 3-3a XRD profiles of fresh Pd−Ni catalysts over several catalyst supports 




Figure 3-3b XRD profiles of reduced Pd−Ni catalysts 
 
3.3.4 XPS analysis of fresh and reduced Pd−Ni catalysts 
 Figure 3-4a shows the XPS spectra of Pd 3d core level of Pd−Ni catalysts. It can 
be seen that the Pd−Ni/Al2O3, Pd−Ni/La2O3, Pd−Ni/TiO2, and Pd−Ni/CeO2 catalysts show 
the 3d5/2 peak at a binding energy of 336.8 ± 0.2 eV, showing that the Pd particles on 
those catalysts are essentially in Pd
2+
 oxidation state [176]. This result shows that no 
association between Pd and those supports took place during the catalyst preparation. In 
contrast, the Pd 3d5/2 peak of the Pd−Ni/Y2O3 catalyst has a binding energy at 337.5 eV, 
which is higher than the Pd
2+
 oxidation state, showing that electrons have been transferred 
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from Pd to Y2O3 support to form PdxOyYz compound, as similarly observed from the TPR 
results. 
 Figure 3-4b shows the Ni 2p spectra of Pd−Ni catalysts. It can be seen that the 
Pd−Ni/TiO2, Pd−Ni/Y2O3, and Pd−Ni/CeO2 catalysts show a peak at the binding energy of 
854.6eV. This peak corresponds to the Ni
2+
 oxidation state [176], indicating that there is 
no interaction between Ni particles and the catalyst support to form the complex 
oxide/spinel on those catalysts [177]. However, the Pd−Ni/La2O3 catalyst shows 2 peaks 
at 851.2 eV and 854.6 eV, respectively, which can be attributed to either La 3d3/2 peaks or 
Ni 2p peaks since the La 3d peaks overlap with the Ni 2p peaks due to very close binding 
energy between La and Ni [178-179]. In contrast, the Ni 2p peak of the Pd−Ni/Al2O3 
catalyst shifts to higher binding energy (855.4eV), suggesting that there is an interaction 
between Ni particles and Al2O3 support. This XPS result is in agreement with the TPR 
results showing the formation of NiAl2O4 spinel phase on the Pd−Ni/Al2O3 catalyst. 
 Figure 3-4c the XPS O 1s spectra of Pd−Ni catalysts. It can be seen that only the 
Pd−Ni/Y2O3 catalyst shows two obvious peaks at 529.0 eV and 531.5 eV. The former 
peak can be attributed to the O
2−
 oxidation state, while the latter peak can be attributed to 
the adsorbed oxygen. The XPS O 1s peak on Y2O3 was reported at 529.6eV [180]. 
However, the peak observed on the Pd−Ni/Y2O3 catalyst has shifted to lower binding 
energy (529.0 eV). These results, which show the transfer of electrons from Pd to O, 
confirm the TPR result for formation of MSC, possibly in the form of PdxOyYz compound. 
 While Pd has been observed to transfer electrons to O on the Pd−Ni/Y2O3 catalyst, 
this phenomenon has not been observed for other catalysts. The XPS O 1s peak of the 
Pd−Ni/Al2O3 catalyst appears at 530.75eV which is lower than the XPS O 1s peak of pure 
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Al2O3 (531.3eV) [181] showing that electron has been transferred from Ni instead of Pd to 
O to form NiAl2O4 spinel compound. 
 Contrary to the Pd−Ni/Y2O3 and Pd−Ni/Al2O3 catalysts, Pd or Ni is found not to 
transfer any electrons to O on the rest of the catalysts as there is no shift of the XPS O 1s 
peak on Pd−Ni/La2O3 (530.2eV), Pd−Ni/TiO2 (529.3eV), and Pd−Ni/CeO2 (529.5eV) 
catalysts. These XPS O 1s peaks correspond exactly to the binding energy of O−La3+ 
[182], O−Ti4+ [183], and O−Ce4+ [184], respectively. 
Figure 3-4d shows the XPS Pd 3d of reduced Pd−Ni catalysts. It can be seen that 
all reduced catalysts, except Pd−Ni/Y2O3 catalyst, shows the peak at around 334.8eV, 
corresponding to the presence of Pd
0
 [176]. However, the reduced Pd−Ni/Y2O3 catalyst 
shows the peak at higher binding energy around 338eV, showing that the Pd has 
transferred electron to Y2O3 to form PdxOyYz compound. 
The XPS Ni 2p (Figure 4e) of reduced Pd−Ni catalysts shows that Pd−Ni/La2O3, 
Pd−Ni/CeO2, and Pd−Ni/TiO2 catalysts show the peak at 854.9eV, corresponding to the 
presence of Ni
2+
 [176]. Even though the catalyst was reduced prior to the XPS analysis, it 
may oxidize during the sample preparation and transfer to the XPS chamber. It was 
reported by Kugai et al. [185] that all Ni metal particles from reduced Ni catalyst were 
oxidized when they were exposed to air at room temperature for 3 min. In contrast, the 
Pd−Ni/Y2O3 also shows the shifting of peak to higher binding energy, indicating that the 
electron has been transferred from Ni, probably to Pd to form bimetallic Pd−Ni particles. 
The shifting to higher binding energy is observed more intense in the Pd−Ni/Al2O3 
catalyst due to the presence of NiAl2O4 compound. 














Figure 3-4 XPS spectra of Pd−Ni catalysts: a) Pd 3d; b) Ni 2p; c) O 1s of fresh catalysts; d) 
Pd 3d; e) Ni 2p of reduced catalysts 
 
3.3.5 Particle size measurement of Pd−Ni catalysts 
Figure 3-5 and Table 3-3 respectively show the TEM images and the metal particle 
size of the reduced Pd−Ni catalyst. It can be seen that the order of metal particle size of 
the Pd−Ni catalysts is Pd−Ni/Al2O3 = Pd−Ni/Y2O3 < Pd−Ni/La2O3 < Pd−Ni/CeO2 < 
Pd−Ni/TiO2. The Pd−Ni/Al2O3 and Pd−Ni/Y2O3 catalysts have the smallest metal particles 
due to formation of MSC as has been observed from the TPR and XPS results. On the 
Pd−Ni/Al2O3 catalyst, Ni interacts strongly with Al2O3 to form NiAl2O4 spinel compound, 
while Pd interacts strongly with Y2O3 support on the Pd−Ni/Y2O3 catalyst to form 
PdxOyYz compound. The presence of these compounds prevents the aggregation of the 
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metallic particles formed during the reduction process, resulting in smaller metal particles. 
This phenomenon was also observed by Cheng et al. [60], who reported smaller Ni 
particle size on the Ni/Al2O3 catalyst due to the presence of NiAl2O4 compound. It is 
important to take note that only Pd on Pd-Ni/Al2O3 catalyst and Ni on Pd-Ni/Y2O3 catalyst 
are fully reduced at reduction temperature of 600°C. Therefore, the metal particle size 
observed on Pd-Ni/Al2O3 and Pd-Ni/Y2O3 catalyst could be attributed to the metal size of 
Pd and Ni, respectively. In addition, the TEM figure of Pd-Ni/Y2O3 catalyst clearly shows 
the presence of metal particles while the XRD of reduced Pd-Ni/Y2O3 catalyst shows no 
clear diffraction peak either due to metallic Ni or metallic Pd since the metal particle size 
on reduced Pd-Ni/Y2O3 catalyst is beyond the detection limit of XRD. 
In contrast, the metal particle size of the Pd−Ni/La2O3, Pd−Ni/CeO2, and the 
Pd−Ni/TiO2 catalysts are quite big, due to the lack of MSC formation between metal (Pd 
or Ni) and the catalyst support. Moreover, the presence of −PdHx phase on those 
catalysts as shown in the TPR results also suggests the formation of big Pd particles. 
Based on TPR results, at reduction temperature of 600°C, both Pd and Ni are fully 
reduced on Pd-Ni/La2O3, Pd-Ni/TiO2, and Pd-Ni/CeO2 catalysts, hence, the metal size 
observed on those catalysts could be combination of Pd and Ni. 
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Table 3-3 Metal particle size of fresh and spent Pd−Ni catalysts 
Catalysts 
Metal particle size (nm) 
Fresh catalysts Spent catalysts (8 h) Spent catalysts (24 h) 
Pd−Ni/Y2O3 5.4 ± 1.0 11.8 ± 3.6 11.7 ± 4.9 
Pd−Ni/Al2O3 5.3 ± 1.5 11.9 ± 2.1 11.0 ± 2.8 
Pd−Ni/La2O3 9.9 ± 4.1 36.8 ± 16.2 57.0 ± 18.5 
Pd−Ni/CeO2 22.6 ± 11.9 98.1 ± 63
a
 − 




 spent Pd−Ni/TiO2 and Pd−Ni/CeO2 after 1 h reaction 
 
3.3.6 Catalytic reaction 
 Figure 3-6 shows the performance of the Pd−Ni catalysts. It can be seen that the H2 
and CO productions decrease in this order: Pd−Ni/Y2O3 > Pd−Ni/Al2O3 > Pd−Ni/La2O3 > 
Pd−Ni/CeO2 > Pd−Ni/TiO2. The Pd−Ni/Y2O3 catalyst shows very stable performance 
without noticeable deactivation over 24-hour reaction time, while a decreasing trend in 
both H2 and CO production is observed on the Pd−Ni/La2O3 and Pd−Ni/Al2O3 catalysts. In 
contrast, the Pd−Ni/CeO2 and Pd−Ni/TiO2 catalysts show a rapid decrease in both H2 and 
CO production. Within an hour of reaction time, the system pressure was observed to be 
the same as the feed pressure, indicating that no reactants were flowing through the reactor. 
This blockage is due to the high production of graphitic carbon as shown later by TGA 
and DTA results. 
 








Figure 3-6 H2 and CO volume−% produced from Pd−Ni catalyts 




Equilibrium composition for OCRM reaction is also shown in Figure 3-6. The 
equilibrium composition is calculated using Peng−Robinson equation of state (EOS) and 
all possible reactions occurring in OCRM as follows: 
CO2 (dry) Reforming of Methane (DRM):   CH4 + CO2  2 CO + 2 H2 
Partial Oxidation of Methane (POM):   CH4 + ½ O2  CO + 2 H2 
Steam Reforming of Methane (SRM):   CH4 + H2O  CO + 3 H2 
Methane Combustion:     CH4 + 2 O2  CO2 + 2 H2O 
Reverse Water Gas Shift (rWGS):  CO2 + H2  CO + H2O 
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The Pd−Ni/Y2O3 catalyst shows not only stable performance, but also high H2 
production almost near equilibrium. However, the CO production is much lower than the 
equilibrium. The high H2 production in OCRM reaction can be understood since POM and 
SRM produce more H2 than CO, while only rWGS reaction consumes H2. 
Table 3-4 tabulates the CH4 and CO2 conversions along with the product 
compositions produced from the Pd−Ni catalysts. It can be seen that the Pd−Ni/Y2O3 
catalyst shows the best catalyst performance in terms of good stability and high 
conversions of CH4 and CO2. The high conversion of Pd−Ni/Y2O3 catalyst can be 
attributed to the small metal particle size due to formation of PdxOyYz compound, which is 
difficult to agglomerate, hence leading to the formation of fine Pd particles size on the 
Pd−Ni/Y2O3 catalyst as shown from TEM results (Table 3-3). Similar finding was also 
reported by Damyanova et al. [186] who concluded that the highest CH4 and CO2 
conversions in the DRM reaction was due to the formation of small metal particles on the 
Pd−Ni/MCM−41 catalyst. 
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Table 3-4 Product distribution produced from Pd−Ni catalysts on various supports 
Catalysts 
Dry gas composition (after 24 h) Conversion (%) 
H2 CO CH4 CO2 CH4 CO2 
Pd−Ni/−Al2O3 47.38 26.19 11.95 14.48 76.10 42.08 
Pd−Ni/TiO2 42.42 14.61 20.39 22.58 59.22 9.69 
Pd−Ni/La2O3 46.56 25.66 12.47 15.31 75.07 38.75 
Pd−Ni/Y2O3 52.28 29.68 4.54 13.49 90.92 46.02 
Pd−Ni/CeO2 40.15 16.59 18.96 24.30 62.08 2.78 
Equilibrium 53.06 39.85 0.24 6.85 99.23 56.25 
Note: Reactor plugged after 1 hour for Pd−Ni/TiO2 and Pd−Ni/CeO2 catalysts 
 
 The initial performance of the Pd−Ni/Y2O3 catalyst is comparable to those of the 
Pd−Ni/Al2O3 catalyst, which can also be attributed to the formation of small metallic 
particles from the NiAl2O4 spinel compound as shown from TEM results (Table 3-3). 
However, the H2 and CO productions decrease with time on stream, probably due to the 
deposited carbon. Bhattacharyya and Chang [32] reported that the NiAl2O4 spinel catalyst 
was not a good catalyst for the DRM reaction even though it showed excellent initial 
reforming activity; they explained that during reduction, NiAl2O4 spinel phase was 
reduced to the metallic Ni particle and -alumina and this mixture, possibly consisting of 
large metallic Ni particle on low surface area -alumina, was not effective for the DRM 
reaction. 
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 Although the metal particle of the Pd−Ni/La2O3 catalyst is bigger than those of 
either the Pd−Ni/Y2O3 or Pd−Ni/Al2O3 catalyst, the Pd−Ni/La2O3 catalyst still shows 
stable and comparable performance with those of Pd−Ni/Al2O3 catalyst. The high stability 
of the Pd−Ni/La2O3 catalyst in the DRM reaction was also observed by Steinhaeur et al. 
[187]. According to Verykios [54] and Múnera et al. [188], the high activity and stability 
of the NiO/La2O3 catalyst in the DRM reaction was due to the formation of La2O2CO3 
(lanthanum oxycarbonate) species. During the DRM reaction, methane gas dissociates on 
the metal to form carbon and hydrogen while carbon dioxide is adsorbed on lanthana 
support to form La2O2CO3 species. The oxygen species from La2O2CO3 were proposed to 
interact with surface carbon species from decomposition of methane to form carbon 
monoxide gas [55]. 
The Pd−Ni/CeO2 and Pd−Ni/TiO2 catalysts are the worst catalysts in the OCRM 
reaction as the reactor blockage happens within an hour of reaction time. Despite having a 
redox behavior and high mobility of lattice oxygen [46], CeO2 was reported to be an 
unsuitable catalyst support for the DRM reaction due to the high carbon deposition rate 
[189−191] and strong metal−support interaction (SMSI), similar to Ni/TiO2 catalyst [192]. 
During reduction, TiOx molecules migrated over the metal particles to reduce the surface 
free energy of system, thus the TiOx molecules blocked the active metal [192]. Therefore, 
the amount of the active Ni or Pd species available for reaction was very little. 
In the oxidative reforming of methane, the temperature gradient in the catalyst bed 
was usually very large [193-195]. Therefore, the inlet and outlet temperatures near the 
catalyst bed are measured and the results are tabulated in Table 3-5. It can be seen that the 
inlet temperature is higher than the outlet temperature for all catalysts, suggesting that 
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oxidation reaction always occurs near the inlet of catalyst bed, followed by reforming 
reaction [196-198]. However, no significant difference of inlet and outlet temperatures 
among Pd−Ni/Al2O3, Pd−Ni/Y2O3, and Pd−Ni/La2O3 catalysts is observed, probably due 
to thin layer of catalyst bed. 
 
Table 3-5 Inlet and outlet temperature of Pd−Ni catalyst bed 
Catalyst Inlet (°C) Outlet (°C) 
Pd−Ni/−Al2O3 722 ± 2 711 ± 2 
Pd−Ni/Y2O3 720 ± 2 710 ± 2 
Pd−Ni/La2O3 720 ± 2 710 ± 2 
 
Further study on the effect of reaction temperature is performed on the 
Pd−Ni/Y2O3 catalyst since the Pd−Ni/Y2O3 catalyst shows the highest stability and 
conversions of CH4 and CO2 among other catalysts. The results in Figure 3-7 show that 
the H2 and CO yields as well as the CH4 and CO2 conversions increase with increasing 
temperature. However, the increase is more dramatic for CO2 conversion. It is also 
observed that the increase in both CH4 and CO2 conversions from 500°C to 700°C are 
much higher than those from 700°C to 800°C. This suggests that the optimum temperature 
for the OCRM reaction is around 700°C. 




Figure 3-7 Effect of reaction temperature on catalytic performance of Pd−Ni/Y2O3 catalyst. 




In order to understand the effect of reaction temperature, it is necessary to know 
the following possible reactions occurring in the OCRM reaction depending on reaction 
temperature and feed compositions [65]: 
CH4 +  CO2      2CO +  2 H2  H298 = + 61 kcal/mol  (1)  
CH4 + ½ O2     CO  + 2 H2  H298 = − 5 kcal/mol  (2) 
CH4 +  2 O2      CO2 + 2 H2O  H298 = − 192 kcal/mol  (3) 
CO  +  H2O     CO2 +  H2  H298 = − 8 kcal/mol  (4) 
Reaction (1) represents the DRM reaction while reaction (2) represents the POM 
reaction. These two reactions are the main reactions in the OCRM reaction system. In 
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addition, reactions (3) and (4) are also possible occurring concurrently. Reaction (3) 
represents methane combustion reaction which is possible under excess oxygen, while 
reaction (4) represents reverse water gas shift (rWGS) reaction.   
The CO2 conversion is shown to be negative at temperature 600C and below, 
showing that CO2 is produced instead of consumed at these temperatures. From the above 
possible reactions, it can be seen that only methane combustion can produce CO2. This 
can be explained from thermodynamics point of view since methane combustion is an 
exothermic reaction which favors at lower temperature conditions. The positive CO2 
conversion and lower H2/CO (1.99) is observed at 700C, suggesting that the dominancy 
of the POM reaction since the theoretical H2/CO ratio for the POM reaction is 2.0. 
However, the H2/CO ratio (1.91) at 800C is even lower than those at 700C, indicating 
participation of the DRM and/or rWGS reactions. 
 
3.3.7 Role of oxygen on catalyst performance 
The Pd−Ni/Y2O3, Pd−Ni/Al2O3, and Pd−Ni/La2O3 catalysts have been shown 
earlier to have comparable performance. However, TPD−O2 results on fresh catalysts 
(Figure 3−8) show different oxygen desorption profiles. It can be seen that only one small 
peak is observed on the Pd−Ni/Al2O3 catalyst at around 700°C, which corresponds to the 
lattice oxygen − commonly named as −oxygen − from catalyst support [199]. This 
−oxygen peak is also observed on the Pd−Ni/La2O3 catalyst but at a lower temperature 
than 700°C, around 630-680°C. In addition, there is another peak observed on the 
Pd−Ni/La2O3 catalyst at around 400°C, corresponding to the surface chemisorbed oxygen 
(−oxygen) on the catalyst support [200]. Similar TPD−O2 profile is also observed on the 
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Pd−Ni/Y2O3 catalyst. However, the intensity of −oxygen species is much higher than 
those of −oxygen species, showing that the −oxygen species is more easily adsorbed 
and desorbed on this catalyst. It has been reported that the −oxygen species is more 
active than −oxygen species at 300°C [201]. However, since OCRM reaction was 
performed at 700°C, the −oxygen species may play an important role in OCRM reaction. 
The amount of O2 desorption from each catalyst was calculated and the result 
shows that Pd-Ni/Y2O3 and Pd-Ni/Al2O3 catalysts have the highest and lowest amount of 
O2 desorption, respectively. However, it is more important to elucidate whether - or -
oxygen plays an important role in the OCRM reaction. 
 
Figure 3-8 TPD−O2 profiles of Pd−Ni catalysts 
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Further experiments were performed using methane decomposition reaction to 
understand the role of − and −oxygen species on Pd−Ni/Y2O3 catalyst. Methane 
decomposition reaction over the Pd−Ni/Y2O3 catalyst was performed at 450°C where the 
desorption of majority of −oxygen species was observed. The result shows that there was 
no conversion of CH4 at 450°C, suggesting that the −oxygen species is not active for 
CH4 decomposition. 
With increasing temperature to 700°C, the CO production is observed on 
Pd−Ni/Y2O3 catalyst (Figure 3-9a) and Pd−Ni/Al2O3 catalyst (Figure 3-9b). Since 
Pd−Ni/Al2O3 catalyst only has −oxygen species, these results show that the −oxygen on 
the Pd−Ni/Al2O3 and Pd−Ni/Y2O3 catalyst may promote cracking of C−H bond in CH4 to 
H2 and CO. After 2 h reaction time, the CH4 gas was stopped and CO2 was introduced to 
the reactor. It can be seen that the amount of CO gas decreases with time on stream for 
Pd−Ni/Al2O3 catalyst, while it increases for Pd−Ni/Y2O3 catalyst. The increase of CO 
amount during the introduction of CO2 gas over Pd−Ni/Y2O3 catalyst could be due to the 
fact that Y2O3 can form Y2O2CO3 (yttrium oxycarbonate) species [202], similar to the 
La2O2CO3 (lanthanum oxycarbonate) species. The oxycarbonate species can interact with 
surface carbon species from CH4 decomposition to form CO gas [55]. However, the 
formation of oxycarbonate species on Al2O3 is not possible since Al2O3 is an acidic metal 
oxide, while formation of oxycarbonate requires basic rare earth metals such as Y, La, Nd, 
and Gd [202]. 
The similar CH4 decomposition reaction followed by CO2 dissociation reaction 
was also performed on pure Y2O3. The results (Figure 3-9c) show that a small amount of 
H2 and CO is observed during methane decomposition reaction, confirming that the 
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−oxygen species can promote the cracking of C−H bond in CH4 to H2 and CO. The H2 
and CO productions also decrease since the amount of −oxygen species is depleted with 
time on stream. When CH4 was replaced by CO2, CO was not detected since there was no 
deposited carbon on the spent Y2O3. 
In order to see the effect of oxygen in the feed in OCRM reaction, methane 
decomposition was performed on pure Y2O3, followed by introduction of oxygen for 15 
minutes and the cycle is repeated twice. The results in Figure 3-9d show that the H2 and 
CO productions increase after introduction of oxygen, showing that gas phase oxygen can 
replace the depleted −oxygen. However, the increase in H2 and CO productions is not 
high enough. The similar result is also obtained from the second cycle. 
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Figure 3-9 Catalytic reactions of CH4 decomposition followed by CO2 dissociation on a) 
Pd−Ni/Y2O3 catalyst, b) Pd−Ni/Al2O3 catalyst, c) pure Y2O3, and d) CH4 decomposition 
followed by oxygen on pure Y2O3. 





3.3.8 Characterization of spent catalysts 
 Since metal sintering is one of the factors causing catalyst deactivation, TEM was 
performed on the spent catalysts to measure the metal particle size after reaction and the 
results are tabulated in Table 3-3. It can be seen that the metal particle size of all spent 
catalysts after 8 h reaction time increases significantly compared to those of the fresh 
catalysts. However, further observation on the spent catalysts after 24 h reaction time 
Chapter 3 Role of catalyst support over Pd−Ni catalyst on catalyst performance 
 
85 
reveals that the metal particle size of Pd−Ni/La2O3 catalyst still increases while the metal 
particle size of Pd−Ni/Al2O3 and Pd−Ni/Y2O3 catalysts are the same with those of spent 
catalysts after 8 h reaction time, indicating that the presence of metal−support compound 
(MSC) on the Pd−Ni/Al2O3 and Pd−Ni/Y2O3 catalysts can prevent metal sintering. 
Figure 3-10 shows the TGA results of spent Pd−Ni catalysts. The carbon formation 
rate decreases in the following order: Pd−Ni/CeO2 > Pd−Ni/TiO2 > Pd−Ni/La2O3 > 
Pd−Ni/Al2O3 > Pd−Ni/Y2O3. Interestingly, this order is reversed compared with the 
catalytic performance. Therefore, it is very clear to point out that high carbon formation is 
the main cause of reactor blockage on the Pd−Ni/CeO2 and Pd−Ni/TiO2 catalysts. 
 
Figure 3-10 Amount of deposited carbon on spent Pd−Ni catalysts 
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 Different types of deposited carbon can be revealed from the DTA profiles of spent 
Pd−Ni catalyst (Figure 3-11). The spent Pd−Ni/Y2O3 catalyst has small peak around 
550°C, corresponding to the amorphous carbon (usually at below 600°C) [203], which is 
much easier to be oxidized compared to the graphitic carbon. However, the spent 
Pd−Ni/La2O3 catalyst shows not only the peak at around 575°C, but also another peak at 
around 630°C, corresponding to the graphitic carbon, such as filamentous while the other 
spent catalysts (Pd−Ni/Al2O3, Pd−Ni/CeO2, and Pd−Ni/TiO2) show only one peak at more 
than 600°C, indicating all these catalysts produces the graphitic carbon. 
 
 
Figure 3-11 DTA profiles of spent Pd−Ni catalysts (Pd−Ni/TiO2 and Pd−Ni/CeO2 1 h) 
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FESEM images of the spent Pd−Ni catalysts (Figure 3-12) shows that filamentous 
carbons are observed on the Pd−Ni/Al2O3, Pd−Ni/La2O3, and Pd−Ni/CeO2 catalysts. 
However, the filamentous carbons are hardly observed on the Pd−Ni/Y2O3 catalyst due to 
the presence of the amorphous carbon which has irregular shape. Even though the 
filamentous carbons are also hardly observed on the Pd−Ni/TiO2 catalyst, the above DTA 
result shows the presence of the graphitic carbon, indicating that the filamentous carbons 
on the Pd−Ni/TiO2 catalyst are not able to grow. 
 
     
     
a b 
c d 




Figure 3-12 FESEM images of spent a) Pd−Ni/Al2O3; b) Pd−Ni/TiO2; c) Pd−Ni/Y2O3; d) 
Pd−Ni/La2O3; and e) Pd−Ni/CeO2 
 
3.3.9 Proposed reaction mechanism for Pd−Ni/Y2O3 catalyst 
As the Pd−Ni/Y2O3 catalyst shows the highest stability and conversions of CH4 
and CO2 among other catalysts, the reaction mechanism of the OCRM reaction is 
therefore proposed for the Pd−Ni/Y2O3 catalyst as shown in Figure 3-13. The formation of 
Pd−Ni alloy is proposed since the metal particle size of Pd−Ni/Y2O3 catalyst (4-6nm) is 
much smaller than either Ni/Y2O3 catalyst (15-20nm) or Pd/Y2O3 catalyst (8-10nm). 
Otsuka et al. [204-206] and Tomishige et al. [207-213] also reported the formation of 
Pd−Ni alloy observed from EXAFS. However, there are two possibilities of the location 
of metallic sites on Pd−Ni alloy, i.e. Ni is located atop Pd or Pd is located atop Ni. Since 
the TPR result of the Pd−Ni/Y2O3 catalyst shows the formation of MSC between Pd and 
Y2O3 support, the Ni atop Pd structure is more likely to happen than the Pd atop Ni 
structure on the catalyst surface. 
During the OCRM reaction, the following reactions are proposed: 
2 CH4 + 2 −O  2 CO + 4 H2   (5) 
e 
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O2  2 −O      (6) 
CH4  CHx  C + 2 H2    (7) 
CO2 + Y2O3  Y2O2CO3    (8) 
Y2O2CO3 + C  Y2O3 + 2CO    (9) 
The −oxygen species on the Y2O3 support can promote the cracking of C−H bond 
in CH4 to form H2 and CO (reaction 5). The depleted −oxygen species will be 
replenished by the oxygen in the feed (reaction 6). In addition, methane will form CHx 
intermediates and decompose to produce hydrogen and surface carbon on metallic sites of 
the Pd−Ni/Y2O3 catalyst (reaction 7), while CO2 is adsorbed on Y2O3 to form Y2O2CO3 
(reaction 8). The oxycarbonate species would react with surface carbon to form CO 
(reaction 9). Since the catalytic performance of the Pd−Ni/Y2O3 catalyst is very stable, the 
carbon deposition rate from the methane decomposition reaction is probably the same as 
the carbon removal rate from oxycarbonate species, leading to the rejuvenation of the 
catalyst during the OCRM reaction. 




Figure 3-13 Proposed reaction mechanism of OCRM reaction on Pd−Ni/Y2O3 catalyst 
 
3.4 Conclusions 
 Pd−Ni/Y2O3 catalyst shows the highest CH4 and CO2 conversions and high 
stability in the OCRM reaction compared to other Pd−Ni catalysts. The high activity and 
stability of the Pd−Ni/Y2O3 catalyst can be attributed to the formation of metal−support 
compound (PdxOyYz compound) on the catalyst, the presence of −oxygen species and the 
ability of Y2O3 to form oxycarbonate species. The −oxygen species on Y2O3 support can 
promote the cracking of C−H bond in the CH4 and the oxycarbonate species can oxidize 
the surface carbon on the metal. 
Pd−Ni/Al2O3 catalyst also shows comparable initial performance with those of 
Pd−Ni/Y2O3 catalyst due to the formation of NiAl2O4 compound and the presence of 
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−oxygen, but the performance of Pd−Ni/Al2O3 catalyst decreases with time on stream 
due to higher amount of deposited carbon on the spent catalyst 
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CHAPTER 4 
Roles of Pd precursors on catalytic performance  
of Pd−Ni/Y2O3 catalyst  
 
 This chapter describes the effect of Pd precursors on catalyst activity and stability 
of Pd-Ni/Y2O3 catalyst for oxy-CO2 reforming of methane. A series of Pd−Ni/Y2O3 
catalysts with different Pd precursors (PdCl2 and Pd(NO3)2) was prepared using 
wet−impregnation method over Y2O3 support. The catalytic activities in terms of CH4 and 
CO2 conversions of the Pd(C)−Ni/Y2O3 catalyst (Pd−Ni/Y2O3 catalyst prepared from 
PdCl2) are higher than those produced from Pd(N)−Ni/Y2O3 catalyst (Pd−Ni/Y2O3 catalyst 
prepared from Pd(NO3)2) due to smaller metal particle size resulted from the formation of 
Pd−Y2O3 compound on the Pd(C)−Ni/Y2O3 catalyst. The effect of metal particle size on 
catalytic activities is clearly shown in Pd(C)−Ni/Y2O3 catalyst with various Pd/Ni ratios. 
Besides small metal particle size, the presence of bimetallic particles, as indicated from 
XPS results, also plays an important role in catalytic activity. The presence of chloride in 
the Pd(C)-Ni/Y2O3 catalyst helps to form Pd-Y2O3 compound, which is found to play an 




In recent years, the rapid increase of CO2, which is the largest amount of 
greenhouse effect gas causing global warming, has been attracting a great interest from 
academic and industrial researchers. Enormous efforts are currently being undertaken to 
utilize CO2. One of the potential ways to utilize CO2 is via catalytic CO2 (dry) reforming 
with methane (DRM). This reaction is attractive for industry as it yields low H2/CO ratio, 
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which is preferable for hydroformylation and carbonylation reactions [12]. In addition, 
methane is also reported as the second largest greenhouse effect gas after CO2 [11].  
A variety of catalysts for DRM reaction, such as Rh, Ru, Pt, Pd, Ir [214-215], Ni 
[216−221], and Co [222] catalysts, has been extensively investigated. The catalysts made 
from noble metals, such as Rh, Ru, Pt, Pd, and Ir have comparable activity than the nickel 
catalysts, but they have lower carbon deposition rate than the nickel catalyst. Generally, 
the carbon deposition rate decreases in the order as follows: Ni >> Rh > Ir = Ru > Pt = Pd 
at 773 K and Ni > Pd = Rh > Ir > Pt >> Ru at 923 K [14].  
Even though high carbon deposition rate causing deactivation on the Ni catalyst is 
commonly observed, the Ni catalyst appears to be the most suitable catalyst as the noble 
metal catalyst is expensive. However, the Ni catalyst has to be modified to improve the 
performance and coke resistance. Numerous studies on catalyst modification show that 
choosing the suitable catalyst support [15-17] and/or adding other metal as a promoter 
[17-18, 223] can improve the performance and coke resistance of the nickel catalyst. For 
an example, Zhang and Verykios [15] studied the effect of catalyst supports and reported 
that the Ni/La2O3 catalyst showed higher activity and stability than the Ni/Al2O3 and 
Ni/CaO catalysts. In addition, many promoters also showed improvement of Ni catalyst. 
Horiuchi et al. [17] found that addition of basic metal oxides (Na2O, K2O, MgO, and CaO) 
to the Ni catalyst enhanced CO2 adsorption, resulting in more adsorbed oxygen atoms 
(Oad). The higher amount of adsorbed oxygen atoms (Oad) prevented adsorbed 
hydrogen−deficient hydrocarbon species (CHx,ad) to decompose to surface carbon since 
the adsorbed oxygen species could easily react with the adsorbed hydrogen−deficient 
hydrocarbon species (CHx,ad) to form CO. 
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Even though the catalyst modification can reduce the carbon deposition rate, the 
energy requirement for the DRM reaction is very huge due to its high endothermicity. The 
high energy requirement is the drawback to prevent commercialization of the DRM 
reaction in industries. One way to overcome this drawback is to introduce exothermic 
reaction such as partial oxidation of methane (POM), resulting in a reaction called 
oxy−CO2 reforming of methane (OCRM). The OCRM reaction can reduce not only the 
amount of carbon deposition since the oxygen can easily oxidize the deposited carbon on 
the catalyst, but also the total energy requirement since the OCRM reaction combines both 
the exothermic (POM) and endothermic (DRM) reactions. The energy required from the 
DRM and released from the POM reactions are shown as follows: 
DRM: CH4 + CO2  2 H2 + 2 CO H298 = 247.3 kJ/mol 
POM: CH4 + ½O2  2 H2 +    CO H298 = −35.6 kJ/mol 
The previous chapter showed that Pd−Ni/Y2O3 catalyst had the highest activity and 
stability in the OCRM reaction compared to other Pd−Ni catalysts on different supports 
due to the formation of metal−support compound resulting in small metal particle size, the 
presence of surface −oxygen species promoting the cracking of C−H bond in CH4 and 
the ability of Y2O3 to form oxycarbonate species to oxidize the surface carbon on the 
Pd−Ni/Y2O3 catalyst. All those Pd−Ni catalysts were synthesized using PdCl2 as the Pd 
precursor. 
It has been reported in the literature that the use of chlorine-containing-metal 
precursor hindered the reduction of the Rh
3+
 to metallic Rh on the Rh/CeO2 catalyst, but 
the effect of metal precursors on catalyst performance was still unclear [224]. The similar 
results in the literature were observed for Pd−Ni catalyst in various reactions. For example, 
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Tomishige et al. [225] showed that the Pd−Ni/Al2O3 catalyst synthesized from Pd(Ac)2 
precursor had higher bed temperature than the one from PdCl2 precursor in oxidative 
steam reforming of methane reaction, even though the CH4 conversion was similar. In 
addition, Dias and Assaf [172] also showed similar catalytic performance between 
Pd−Ni/Al2O3 catalysts synthesized from PdCl2 and Pd(NO3)2 precursors in autothermal 
reforming of methane reaction. However, they observed formation of compound between 
Pd, Cl and the support, with the general formula PdxOyClz on the Pd−Ni/Al2O3 catalyst 
synthesized from PdCl2 precursor. The presence of this compound prevented the 
occurrence of reaction without H2 reduction prior to the reaction. Moreover, they also 
observed that the difference in catalytic activity of the Pd−Ni/Al2O3 catalyst was mainly 
due to the difference in the metal surface area. 
Since the characterization results of Pd−Ni catalysts synthesized from various Pd 
precursors showed significant different profiles but the catalytic performance of those 
catalysts are similar, the conclusion is still unclear. Therefore, in this study, the effect of 
Pd precursors on catalyst performance of the Pd−Ni/Y2O3 catalyst is investigated in the 
OCRM reaction. The interaction between Pd, Ni, and support is also studied to facilitate 
better understanding of the catalyst activity and stability in the OCRM reaction. 
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4.2 Experimental 
4.2.1 Catalyst synthesis 
A series of Pd−Ni catalysts with different ratios and nominal total loading of 5 wt% 
was synthesized by wet−impregnation method over Y2O3. The Pd precursor was either 
PdCl2 or Pd(NO3)2, which was purchased from either Strem chemicals or Sigma−Aldrich, 
respectively,  while the Ni precursor was obtained from Strem Chemicals in the form of 
Ni(NO3)2.6H2O. Y2O3 purchased from Strem Chemicals was chosen as the catalyst 
support. The Pd solution was prepared by either dissolving PdCl2 in 2M HCl solution or 
Pd(NO3)2 in deionized water. The catalysts were impregnated at room temperature and 
dried in oven at 100
o
C for 12 h. They were then calcined under air at 800
o
C for 4 h. The 
catalysts synthesized from PdCl2 are named as Pd(C) and those from Pd(NO3)2 as Pd(N).  
The synthesized Pd−Ni catalysts are named as xPdyNi, with the Pd/Ni ratio as x/y.  For 
example, 1Pd(C)−1Ni stands for the Pd−Ni catalyst prepared from PdCl2 with Pd/Ni ratio 
of 1/1. 
 
4.2.2 Characterization methods 
4.2.2.1 Specific surface area measurement 
The specific surface area of each catalyst was measured by adsorption and 
desorption of N2 at −196°C on the Autosorb-1. Prior to the surface area measurement, the 
catalyst was outgassed at 250°C for a minimum of 12 h. The specific surface areas of 
catalyst were determined from the linear portion of BET plot.   
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4.2.2.2 TPR measurement 
 Temperature-programmed reduction (TPR) measurement for the fresh catalyst was 
performed on Quantachrome Chembet-3000. Prior to the TPR measurement, 0.05 g of 
catalyst was outgassed in He for 1 h at 350
o
C to remove any impurities and then cooled 
down to room temperature. 5%H2/N2 gas was then introduced to the catalyst while the 
temperature of the furnace was increased at a heating rate of 10K/min to 900
o
C. The 
reduction degree was calculated with the assumption of hydrogen/metal ratio of 1. 
 
4.2.2.3 X-ray diffraction 
The X-ray diffraction pattern of each catalyst was measured on a Shimadzu 
XRD−6000 diffractometer using Cu K radiation. The catalyst was placed on an 
aluminum slide and scanned from 2of 10o to 80o with ramp rate of 2o/min. The beam 
voltage and current used were 40 kV and 30 mA, respectively. 
 
4.2.2.4 FESEM 
The morphology of each catalyst before and after catalytic test was visually 
observed using a field emission scanning electron microscope (FESEM: JEOL JSM-
6700F). Prior to the analysis, the sample was coated using Pt-sputtering for 60 seconds at 
20 mA. 
 
4.2.2.5 X-ray photoelectron spectroscopy 
The X-ray photoelectron spectroscopy was performed on Kratos AXIS Ultra DLD 
using concentric hemispherical analyzer. The Al K gun with photon energy of 1486.6 eV 
was used as the X-ray source. The wide scans were performed using 80eV pass energy 
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while the narrow scans were performed with 40 eV pass energy. Prior to the analysis, the 
sample was reduced under pure H2 at 600°C for 1 h, which was same as the reduction 
condition during reaction. The sample was mounted on the standard sample stub using 
double-sided adhesive tapes. The core level signals were obtained at a photoelectron 
takeoff angle (R, measured with respect to the sample surface) of 90°. The X−ray source 
was run at a reduced power of 150 W (15 kV and 10 mA). The pressure in the analysis 
chamber was maintained at 10
−8
 Torr or lower during each measurement. All binding 
energies were referenced to C 1s hydrocarbon peak at 284.5eV.  
 
4.2.2.6 In-situ DRIFT 
The infrared spectra were recorded on a Perkin-Elmer Spectrum 2000 Fourier 
Transform Infrared Spectrometer using the Harrick Praying Mantis DRP-4 DRIFT cell 
equipped with ZnSe windows. All spectra were collected with resolution of 4 cm
−1
 and 
scanned 32 times. 100 mg of catalyst was used in each analysis without mixing with KBr 
powder. Prior to the analysis, the sample was reduced in-situ in H2 gas at 600°C for 1 h. 
The spectra of the clean surface after reduction were recorded separately and used as a 
reference. The diluted CO gas in He gas was then introduced to the cell at room 
temperature. After 10 minutes exposure of CO followed by evacuation, the spectra were 




The presence of chloride on fresh and reduced catalysts was examined using ultra 
violet-visible diffuse reflective spectroscopy (UV-vis DRS) on a Shimadzu UV-3500 
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spectrometer. The sample spectra were presented after subtraction from the BaSO4 powder 
spectrum as the reference material. 
 
4.2.2.8 TEM 
The metal particle size was measured visually using HRTEM system JEOL JEM-
2100F. The average metal size was then calculated over 50 particles. Prior to the 
observation, the catalyst was initially reduced at 600˚C under H2 for 1 h. Sample was then 
ultrasonically dispersed in ethanol and spread over perforated copper grids. 
 
4.2.3 Catalytic reaction 
The catalytic reaction was carried out in a fixed bed quartz reactor with an inner 
diameter of 4 mm and a length of 400 mm. 0.05 g of catalyst was used in each test and 
held by the quartz wool placed in the middle of the reactor. The temperature of the catalyst 
bed was controlled and monitored by a thermocouple that was in contact with the top layer 
of the catalyst bed. Prior to the catalytic reaction, the catalyst was reduced in 20 mL/min 
H2 at 600
o
C for 1 h, followed by purging in 20 mL/min helium while the temperature was 
increased to the reaction temperature of 700
o
C. The feed with CH4/CO2/O2 ratio of 5/4/1 
was then introduced to the reactor at a flowrate of 20 mL/min. All the gases used here 
were research grade gases (99.95% CH4, 99.99% CO2, 99.8% O2, and 99.9995% He). A 
cold trap filled with 50% glycerol and 50% water at temperature of −10oC was installed 
between the reactor exit and the GC sampling valve to condense any moisture formed. The 
gas product was analyzed using a gas chromatograph (HP 6890) equipped with a Hayesep 
D column and a TCD detector. The chromatogram showed peak areas for all reacted gases 
which were then converted to volume-% through a calibration curve. The total flow rate of 
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the product gases was measured using bubble flow meter. The conversions of CH4 and 





























where n is molar flow rate of each gas. 
The total amount of deposited carbon on the spent catalysts was measured using 
thermogravimetric analysis (TGA) on a Shimadzu DTG-60 thermogravimetric analyzer. 
Around 10 mg of spent catalyst was used in each TGA experiment and heated in air to 
800ºC with a heating rate of 10K/min. 
 
4.3 Results and discussion 
4.3.1 Surface area of Pd−Ni/Y2O3 catalysts 
Table 4-1 shows the BET results of the prepared catalysts. It can be seen that the 
surface area of Y2O3 support is 10m
2
/g. After impregnation of Y2O3 with Ni metal, the 
surface area of the Ni/Y2O3 catalyst decreases. However, the surface area of the Pd/Y2O3 
catalyst shows a reverse trend when the Pd/Y2O3 catalyst is synthesized using either PdCl2 
or Pd(NO3)2 as the catalyst precursor. The increase in the surface area of the Pd(C)/Y2O3 
catalyst is observed even higher than the one of the Pd(N)/Y2O3 catalyst, possibly due to 
the diluted HCl used to dissolve PdCl2 powder in the preparation of the Pd(C)/Y2O3 
catalyst. It is well known that Y2O3 can fully dissolve in concentrated HCl to form YCl3 
[226]. Therefore, although the HCl used in the PdCl2 solution was in low concentration, it 
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is still possible that part of Y2O3 dissolved in the HCl solution during the process of 
supporting Pd from PdCl2.  
 






Ni content (wt%) Pd content (wt%) 
Calculated Actual Calculated Actual 
Y2O3 10 − − − − 
Ni/Y2O3 8 5.0 5.2 − − 
1Pd(C)−9Ni/Y2O3 33 4.2 2.7 0.8 0.9 
3Pd(C)−7Ni/Y2O3 26 2.8 1.6 2.2 2.3 
1Pd(C)−1Ni/Y2O3 31 1.8 1.4 3.2 2.9 
7Pd(C)−3Ni/Y2O3 19 1.0 0.6 4.0 4.5 
9Pd(C)−1Ni/Y2O3 24 0.3 0.2 4.7 5.3 
Pd(C)/Y2O3 28 − − 5.0 5.1 
Pd(N)/Y2O3 21 − − 5.0 4.7 
1Pd(N)−1Ni/Y2O3 16 1.8 1.6 3.2 2.8 
Chemical composition measured using ICP−MS 
 
4.3.2 Morphologies of Pd−Ni/Y2O3 catalysts and Y2O3 support 
The FESEM images of the Pd−Ni/Y2O3 catalysts and Y2O3 support are shown in 
Figure 4-1. It can be seen that the Ni/Y2O3 and Pd(N)/Y2O3 catalysts show similar 
morphology with Y2O3 support. However, different morphology is observed on the 
Pd(C)/Y2O3 catalyst.  It seems that during the impregnation of Pd catalyst from PdCl2 
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precursor which requires the use of HCl, the crystallinity of Y2O3 support might be 
possibly destroyed by HCl, causing the surface area of the Pd(C)/Y2O3 catalyst increase 
even higher than the Pd(N)/Y2O3 catalyst (as shown in Table 4-1). Furthermore, the 
morphology of the 1Pd(C)−1Ni/Y2O3 catalyst is also clearly observed to be similar to the 
one of the Pd(C)/Y2O3 catalyst, suggesting that the destruction of Y2O3 crystalline also 
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Figure 4−1 FESEM images of Pd−Ni/Y2O3 catalysts and Y2O3 support 
 
4.3.3 H2-TPR profiles of Pd−Ni/Y2O3 catalysts 
Figure 4-2 shows the H2-TPR profiles of all fresh catalysts and Y2O3 support. It 
can be seen that no peaks are observed on Y2O3 support, indicating that Y2O3 is hardly 
reduced. The negative and positive peaks are observed on the Pd(C)/Y2O3 catalyst at the 
temperatures of 100−130°C and 75−230°C, respectively. The negative peak shows the 
decomposition of β-PdHx phase, which is formed during the purging of H2 prior to the 
TPR experiment. The presence of -PdHx is widely associated with the formation of large 
Pd particles [166]. In addition, the positive peak at 75−230°C can be attributed to the 
reduction of PdO species [166].  
More importantly, there is another peak observed at high temperature around 
700°C. This peak has been observed by Costa et al. [163] for the reduction of their 
Pd/Y2O3 catalyst at temperature around 650°C and was attributed to the reduction of 
Pd2O4Y compound. The presence of this compound showed the formation of 
metal−support compound (MSC) between Pd and Y2O3 support, thus causing the shifting 
of the reduction of palladium to higher temperature. A similar formation of Pd−Al2O3 
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catalyst prepared from PdCl2 precursor [172-173]. Therefore, even though many 
complexes between Pd and Y2O3 such as Pd2O4Y [169], Pd2O5Y2 [170], and Pd2O7Y2 
[171] have been observed, the high temperature TPR peak for the Pd(C)/Y2O3 catalyst 
observed in our study can be associated to the reduction of PdxClyYz compound, which is 
later shown in UV-DRS result, indicating the formation of Pd-Y2O3 compound on the 
Pd(C)/Y2O3 catalyst.  
When the Pd nitrate is used as the precursor, there is only one positive peak 
observed at 75−230°C on the Pd(N)/Y2O3 catalyst. This positive TPR peak at low 
temperature is attributed to the reduction of PdO. However, there is no reduction peak at 
high temperature around 700°C as observed on the Pd(C)/Y2O3 catalyst, indicating that 
there is no formation of MSC between Pd and Y2O3 support on the Pd(N)/Y2O3 catalyst. 





and is attributed to the reduction of NiO species. The total amount of H2 consumption 
agrees with the stoichiometry of NiO + H2 → Ni + H2O, suggesting that all Ni species 
present in the oxidized state are reduced to Ni metal [227]. 
When Pd and Ni are combined to form the Pd(C)−Ni/Y2O3 catalysts, the reduction 
of NiO peak is observed strongly on the 1Pd(C)−9Ni/Y2O3 catalyst.  The intensity of the 
reduction of NiO peak as shown in the H2 consumption in Table 4-2 decreases with 
increasing ratio of Pd/Ni due to the decrease of the amount of Ni content. Interestingly, 
the reduction of NiO peak on those catalysts shifts to lower temperature. The shifting of 
NiO peak to lower temperature is attributed to the hydrogen spill-over from palladium 
which is reduced at lower temperature than nickel. Once palladium is reduced, the reduced 
Pd acts as the dissociation sites for hydrogen and the dissociated hydrogen migrates 
through the catalyst surface and reduces the nickel more readily than the normal gaseous 
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molecular hydrogen [172]. Therefore, with a higher content of Pd, a larger amount of 
dissociated hydrogen could then migrate through the catalyst surface, hence reducing the 
NiO at lower temperature. 
Moreover, there is no negative peak corresponding to the decomposition of β-PdHx 
phase on all Pd(C)−Ni/Y2O3 catalysts. The absence of -PdHx phase on all 
Pd(C)−Ni/Y2O3 catalysts indicates that the particle size of Pd is quite small [167]. It is 
also interesting to observe that the reduction peak of PdxClyYz compound, which is 
observed to occur generally at a high temperature around 700°C, shifts to even higher 
temperature and reaches the highest reduction temperature on the 1Pd(C)−1Ni/Y2O3 
catalyst. The shifting of the PdxClyYz reduction peak to higher temperature shows that Pd 
has a stronger interaction with the catalyst support in the PdxClyYz compound with the 
increasing amount of Pd. This strong interaction of Pd with the catalyst support in the 
PdxClyYz compound is shown later to play an important role in the stability of the 
Pd(C)−Ni/Y2O3 catalyst under high temperature reaction condition.  
For the 1Pd(N)−1Ni/Y2O3 catalyst, two peaks are observed at 140−190°C and 
280−450°C. Those peaks can be attributed to the reduction of PdO and NiO, respectively. 
The reduction of NiO peak also shifts to lower temperature due to the hydrogen spill−over 
as observed on the Pd(C)−Ni/Y2O3 catalyst. However, the 1Pd(N)−1Ni/Y2O3 catalyst has 
no reduction peak at high temperature around 700°C due to the absence of the PdxClyYz 
compound, in contrast with the one observed on the 1Pd(C)−1Ni/Y2O3 catalyst. This result 
shows that the PdCl2 precursor is a good precursor to form a MSC between Pd and Y2O3 
support. 
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In order to elucidate the effect of diluted HCl in the preparation of the Pd(C)/Y2O3 
and Pd(C)−Ni/Y2O3 catalysts, another 1Pd(N)−1Ni/Y2O3 catalyst was synthesized with 
the addition of diluted HCl. It can be seen that two peaks are observed on the 
1Pd(N)−1Ni/Y2O3 catalyst prepared with HCl. These peaks are exactly same as those 
observed on the 1Pd(N)−1Ni/Y2O3 catalyst prepared without HCl. However, no reduction 
peak at high temperature around 700°C is observed on the 1Pd(N)−1Ni/Y2O3 catalyst 
prepared with the addition of HCl, showing that the formation of MSC between Pd and 
Y2O3 support in the Pd(C)/Y2O3 and Pd(C)−Ni/Y2O3 catalysts is due to the use of PdCl2 
precursor instead of the use of diluted HCl in the catalyst preparation. This confirms that 
PdCl2 is a good Pd catalyst precursor to form MSC between Pd and Y2O3 support.  
 
Table 4-2 H2 consumption and reduction degree of Pd−Ni catalysts 
Catalyst H2 consumption (mol/g) Reduction degree (%) 
Pd Ni Pd Ni 
1Pd(C)−9Ni 71 431 84 93 
3Pd(C)−7Ni 212 252 98 92 
1Pd(C)−1Ni 262 225 96 94 
7Pd(C)−3Ni 396 93 93 91 
9Pd(C)−1Ni 445 32 89 64 
1Pd(N)−1Ni 238 242 90 86 
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Figure 4-2 TPR profiles of fresh Pd−Ni/Y2O3 catalysts  
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4.3.4 XRD patterns of fresh Pd−Ni/Y2O3 catalysts 
Figure 4−3 shows the XRD crystal structures of fresh Pd(C)−Ni/Y2O3 and 
Pd(N)−Ni/Y2O3 catalysts as well as the Pd(N)/Y2O3, Pd(C)/Y2O3, and Ni/Y2O3 catalysts. 







be seen in all catalysts. However, no distinguishable peaks indexed to NiO (2 = 37.4o and 
43.4
o
) and PdO (2= 33.9° and 41.9°) are observed on all these catalysts. This 
observation indicates that the crystal sizes of NiO and PdO are very small, beyond the 
detection limit of the XRD equipment, showing that the NiO or PdO particles are highly 
dispersed on the support. In contrast, there are two small peaks observed at 2 of 32.5 o 
and 46.1
o
 in the Pd−rich Pd(C)−Ni/Y2O3 catalyst starting from the Pd:Ni ratio of 7:3 to the 
Pd(C)/Y2O3 catalyst. These peaks can be assigned to the formation of PdxClyYz compound, 
which has been observed from the TPR results. The physical mixing of 5%-wt PdCl2/Y2O3 
catalyst also does not show these peaks, confirming that these two peaks are the 
characteristic peaks of PdxOyYz compound. In contrast, these XRD peaks of PdxClyYz 
compound are not observed on the Pd(N)/Y2O3 and 1Pd(N)−1Ni/Y2O3 catalysts, showing 
that PdCl2 is a good precursor to form MSC between Pd and Y2O3 support. 
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Figure 4-3 XRD profiles of fresh Pd−Ni/Y2O3 catalysts 
 
4.3.5 XPS analysis of reduced Pd−Ni/Y2O3 catalysts 
Figure 4-4 shows the XPS spectra of the Pd(N)/Y2O3, Pd(C)/Y2O3, Ni/Y2O3, 
Pd−Ni/Y2O3 catalysts after reduction at 600°C for 1 hour. The Pd 3d5/2 peak of 
Pd(N)/Y2O3 catalyst is observed at 334.9 eV which exactly fits to the binding energy of 




 [228], while the Y 3d peaks of the Pd(N)/Y2O3 catalyst also exactly fit to the 
3d5/2 and 3d3/2 peaks of pure Y2O3 at 156.4eV and 158.4eV, respectively. The O 1s peak 
of the Pd(N)/Y2O3 catalyst is observed at 528.9eV, which exactly fits to the O 1s peak of 
pure Y2O3. This suggests that there is no interaction between Pd and Y2O3 support on the 
Pd(N)/Y2O3 catalyst since there is hardly any electron transfer between Pd and Y2O3 
support.  
However, the Pd 3d5/2 peak of Pd(C)/Y2O3 catalyst is observed at 335.3 eV, which 
is higher than the Pd
0
 binding energy (334.9 eV) [228] but lower than the Pd
2+
 binding 
energy (336.8 eV) [229]. The shifting of this peak to higher binding energy than Pd
0
 
suggests the presence of electron deficient Pd
n+
 species, indicating that the electron has 
been transferred from Pd. The Y 3d5/2 XPS peaks of the Pd(C)/Y2O3 catalyst is observed 
to shift to higher binding energy (0.05eV) while the O 1s XPS peak exactly fit to the peak 
of pure Y2O3, showing that the electron has also been transferred from Y. In addition, the 
Cl 2p XPS peak was also analyzed since the preparation method of this Pd(C)/Y2O3 
catalyst used HCl to dissolve the PdCl2. The result shows that the Cl 2p XPS peak is 
observed to shift to lower binding energy (0.35eV). The shifting of the Pd and Y XPS 
peaks to higher binding energy and the Cl XPS peak to lower binding energy show that 
the electron has been transferred from Pd particles and Y to Cl, resulting in the formation 
of MSC. A similar shifting of Pd peak to higher binding energy on the supported 
palladium catalyst prepared from PdCl2 source has been observed by Shen et al. [230], 
who also attributed the shifting of metallic elements to higher binding energy to the 
formation of MSC. This XPS result is in good agreement with the XRD and TPR results 
which show the formation of PdxClyYz compound on the Pd(C)/Y2O3 catalyst.  
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The reduced Ni/Y2O3 catalyst exhibits the Ni 2p3/2 main peak at 852.3eV and Ni 
2p1/2 main peak at 869.8eV. These peaks show that the Ni particles on the Ni/Y2O3 
catalyst are essentially in Ni
0
 oxidation state [228], showing that all the surface Ni 
particles are fully reduced. In addition, the Y 3d peaks and the O 1s peak of the Ni/Y2O3 
catalyst exactly fit to the Y 3d5/2, 3d3/2, and O 1s peaks of pure Y2O3 at 156.4eV, 158.4eV, 
and 528.9eV, respectively. These results of no shifting of XPS peaks show no association 
between Ni and Y2O3 support on the Ni/Y2O3 catalyst.  
For the 1Pd(N)−1Ni/Y2O3 catalyst, the Pd 3d5/2 XPS peak is observed at 334.8 eV, 
which is slightly lower than the Pd
0
 binding energy, showing that electron has been 
transferred to Pd. However, the XPS Ni 2p3/2 peak of the 1Pd(N)−1Ni/Y2O3 catalyst is 
observed at 852.4 eV, which is higher than the binding energy of Ni
0
 peak, showing that 
electron has been transferred from Ni. Moreover, the O 1s XPS peak of the 1Pd(N)-
1Ni/Y2O3 catalyst exactly fits to the binding energy of O 1s peak of pure Y2O3. The 
shifting of Pd peak to lower binding energy and Ni peak to higher binding energy show 
that the electrons have been transferred from Ni to Pd, shows the presence of Pd-Ni 
bimetallic particles on the 1Pd(N)-1Ni/Y2O3 catalyst. 
The Pd 3d5/2 XPS peak of the 1Pd(C)−1Ni/Y2O3 catalyst is observed at 335.6 eV, 
which is even higher than the binding energy of the Pd(C)/Y2O3 catalyst, suggesting that 
more electrons have been transferred from Pd. Moreover, the Ni 2p3/2 and Y 3d XPS peaks 
of the 1Pd(C)-1Ni/Y2O3 catalysts are also observed to shift to higher binding energy than 
the peak of Ni
0
 peak and pure Y2O3 peak, respectively, showing that electron has been 
transferred from Ni, while the Cl 2p peak of the 1Pd(C)-1Ni/Y2O3 catalyst shifts to much 
lower binding energy (0.65eV) than pure Y2O3. The shifting of Pd peak to much higher 
binding energy, Ni and Y peaks to higher binding energy, and Cl peak to lower binding 
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energy shows that Ni particles transfer electron to Pd and Pd particles and Y transfer 
electron to Cl. These results show the presence of Pd-Ni bimetallic particles and the 
stronger interaction between Pd and Y2O3 support in the PdxClyYz compound on the 
1Pd(C)-1Ni/Y2O3 catalyst. These results are in good agreement with the TPR results 
which show stronger interaction between Pd and Y2O3 support in the PdxClyYz compound 
on the 1Pd(C)-1Ni/Y2O3 catalyst.  
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Figure 4-4 XPS of reduced Pd−Ni/Y2O3 catalysts 
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4.3.6 FTIR analysis of Pd−Ni/Y2O3 catalysts 
Figure 4-5 shows the infrared spectra of the Ni/Y2O3, Pd(C)/Y2O3, 
1Pd(N)−1Ni/Y2O3 and 1Pd(C)−1Ni/Y2O3 catalysts after pretreatment condition and CO 
exposure at 400°C. One CO vibration band is observed on the Ni/Y2O3 catalyst at 2070 
cm
-1
, corresponding to CO adsorption at linear sites on metallic Ni particles [231]. 
However, two CO vibration bands are also observed on the Pd(C)/Y2O3 catalyst at 1965 
and 2090 cm
-1
, corresponding to bridge and linear CO adsorbed on metallic Pd particles, 
respectively [232].  
For 1Pd(N)-1Ni/Y2O3 catalyst, one CO vibration band is observed at 1960 cm
-1
, 
This band can be assigned to bridge CO adsorption on metallic Pd particles, suggesting 
the Pd-rich surface on the 1Pd(N)-1Ni/Y2O3 catalyst. 
In contrast, two CO vibration bands are observed on 1Pd(C)-1Ni/Y2O3 catalyst at 
1965 and 2075 cm
-1
. The band at 1965 cm
-1
 exactly matches with the bridge CO 
adsorption on metallic Pd particles. It is interesting that the band at 2075 cm
-1
 is located 
between the linear CO adsorption sites on the Ni/Y2O3 catalyst and the linear CO 
adsorption sites on the Pd(C)/Y2O3 catalyst, suggesting that Pd and Ni have interaction to 
form bimetallic Pd-Ni particles on the 1Pd(C)-1Ni/Y2O3 catalyst. In addition, this result 
also suggests the presence of surface Ni on 1Pd(C)-1Ni/Y2O3 catalyst is much higher than 
the one on 1Pd(N)-1Ni/Y2O3 catalyst. 
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Figure 4-5 FTIR spectra of Pd−Ni/Y2O3 catalysts 
 
4.3.7 UV Spectra of Pd-Ni/Y2O3 catalysts 
Figure 4-6 shows the UV spectra of fresh and reduced Pd(N)/Y2O3, Pd(C)/Y2O3, 
1Pd(N)-1Ni/Y2O3, and 1Pd(C)-1Ni/Y2O3 catalysts. It can be seen that there is hardly any 
peaks observed in reduced Pd(N)/Y2O3 and 1Pd(N)-1Ni/Y2O3 catalysts. However, in the 
reduced Pd(C)/Y2O3 and 1Pd(C)-1Ni/Y2O3 catalysts, two obvious peaks are observed, 
corresponding to the presence of PdCl4
2-
 [233]. Since TPR and XPS results show the 





Therefore, the compound formed from interaction between Pd and Y2O3 is assigned as 
PdxClyYz. Mahata and Vishwanathan [233] reported that the formation of PdCl4
2-
 using 
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PdCl2 precursor depended on the catalyst support. The PdCl4
2-
 compound is only observed 
for Al2O3 support, but not for MgO and zeolite (NaX) supports. 
 
 
Figure 4-6 UV spectra of fresh and reduced Pd-Ni/Y2O3 catalysts 
 
 
4.3.8 Particle size measurement of Pd−Ni/Y2O3 catalysts 
 Figure 4-7 shows the TEM images of reduced Ni/Y2O3, Pd(N)/Y2O3, Pd(C)/Y2O3, 
1Pd(N)−1Ni/Y2O3, and 1Pd(C)−1Ni/Y2O3 catalysts. It can be seen that the metal particle 
size of the Ni/Y2O3 catalyst is around 15−20nm. It is also observed that aggregation to 
form big particles occurs on the Ni/Y2O3 catalyst, due to lack of interaction between Ni 
and Y2O3 support as shown in our TPR and XPS results. The aggregation of metallic Ni 
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particles was also observed by Xu et al. [234] on the Ni/SiO2 catalyst. They explained that 
metallic nickel particles had high mobility due to lack of interaction between Ni and SiO2 
support, therefore, the particles easily migrated, aggregated, and grow at high temperature. 
The measurement of metal particle size of the Pd(N)/Y2O3 and Pd(C)/Y2O3 
catalysts shows that Pd(C)/Y2O3 catalyst has comparable metal particle size with 
Pd(N)/Y2O3 catalyst, around 8−10nm. However, the small metal particles on the 
Pd(C)/Y2O3 catalyst are observed more obvious than the ones on Pd(N)/Y2O3 catalyst, due 
to the presence of PdxClyYz compound, as observed from the TPR and XPS results. The 
presence of PdxClyYz compound on the Pd(C)/Y2O3 catalyst prevents aggregation of the 
metallic Pd particles, resulting in smaller metal particle size. This phenomenon was also 
observed by Cheng et al. [235], who reported smaller Ni particle size on the Ni/Al2O3 
catalyst due to the presence of NiAl2O4 compound. 
The metal particle size of the 1Pd(C)-1Ni/Y2O3 catalyst is observed around 3-5nm 
and smaller than the one on the Pd(C)/Y2O3 catalyst due to the MSC formation between 
Pd-Y2O3 support as observed from the TPR and XPS results. It is important to point out 
that the metal particle size measured for reduced 1Pd(C)-1Ni/Y2O3 catalyst is for metallic 
Ni particles, since Pd is not reduced at 600°C, judging from the TPR result of the 1Pd(C)-
1Ni/Y2O3 catalyst. In contrast, the metal particle size of the 1Pd(N)-1Ni/Y2O3 catalyst is 
very big, around 30-35nm due to lack of MSC formation between Pd-Y2O3 support. These 
results show that the presence of MSC between Pd and Y2O3 support is important to 
produce small metal particle size. 
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Figure 4-7 TEM images of Pd−Ni/Y2O3 catalysts after H2 reduction 
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4.3.9 Catalyst activity 
Figure 4-8a shows the catalytic performance of the Pd−Ni/Y2O3 catalysts after 12 
hours of reaction time. Interestingly, the conversions of CH4 and CO2 over either the 
1Pd(N)−1Ni/Y2O3 catalyst or 1Pd(C)−1Ni/Y2O3 catalyst are observed to be higher than 
those produced from either the Ni/Y2O3 catalyst or the Pd/Y2O3 catalyst. The similar 
results were observed by Steinhauer et al. [187]. The higher conversion over either the 
1Pd(N)−1Ni/Y2O3 or 1Pd(C)−1Ni/Y2O3 catalyst shows that the addition of Pd to Ni 
catalyst improves the catalytic activity of the catalyst. According to Dias and Assaf [172] 
and Damyanova et al. [186], the higher activity of the Pd−Ni catalysts could be attributed 
to either increase in surface metal area or formation of smaller metal particles. However, 
our results show that the metal particle size of the 1Pd(N)−1Ni/Y2O3 catalyst is bigger 
than the one of either the Ni/Y2O3 catalyst or the Pd/Y2O3 catalyst, yet the conversion is 
still higher than either the Ni/Y2O3 catalyst or the Pd/Y2O3 catalyst. Therefore, the 
increase in activity of either the 1Pd(N)−1Ni/Y2O3 or 1Pd(C)−1Ni/Y2O3 catalyst is 
attributed to the formation of bimetallic Pd−Ni particles, as shown from our XPS results. 
The formation of bimetallic Pd−Ni particles was also observed by Otsuka et al. [204-206]. 
Moreover, Tomishige et al. [207-213] reported that all preparation methods and Pd 
precursors (PdCl2, Pd(NO3)2 and Pd(acetate)2) could form Pd−Ni bimetallic particles. 
Similar formation of bimetallic particles was also observed by Song et al. [236−238] on 
the Pd−Cu catalyst. 
In addition, it is observed that the 1Pd(C)−1Ni/Y2O3 catalyst shows higher 
conversions of CO2 and CH4 compared to those over the 1Pd(N)−1Ni/Y2O3 catalyst. This 
higher activity could be attributed to the smaller metal particle size of the 
1Pd(C)−1Ni/Y2O3 catalyst, in agreement with the results from Dias and Assaf [172] and 
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Damyanova et al. [186]. Therefore, it can be concluded that both Pd−Ni bimetallic and 
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Figure 4-8 Catalytic performance of Pd−Ni/Y2O3 catalysts (Reaction condition: Ptotal = 1 
atm, T = 700oC, CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 
 
Since the 1Pd(C)−1Ni/Y2O3 catalyst shows the highest activity, it is therefore 
chosen to study the effect of Pd/Ni ratio. Figure 4-8b shows the catalyst activity of the 
Pd(C)−Ni/Y2O3 catalysts in various ratio of Pd/Ni. It is interesting to observe that the 
conversions of CH4 and CO2 increase while the metal particle size decreases with 
increasing in Pd content and reach optimum at Pd/Ni ratio of 1/1. The highest catalyst 
activity is observed on the 1Pd(C)−1Ni/Y2O3 catalyst with the smallest metal particle size, 
showing that metal particles size is crucial for the catalyst activity. These results were also 
reported by Damyanova et al [186].   
a 
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4.3.10 Catalyst stability 
Figure 4−9 shows the catalytic stability of the Ni/Y2O3, Pd/Y2O3, and Pd−Ni/Y2O3 
catalysts during the OCRM reaction for 12 h using different Pd precursors. Initially, the 
Ni/Y2O3 catalyst shows high conversions of CH4 and CO2, but the conversions decrease 
with time on stream. The decrease of catalytic activity of the Ni catalyst for DRM reaction 
is well known due to the high carbon formation rate [92]. On the other hand, the 
conversions of CH4 and CO2 produced from the Pd(C)/Y2O3 and Pd(N)/Y2O3 catalysts are 
initially lower than the Ni/Y2O3 catalyst but they are stable during duration of reaction for 
12 h. The stable activity of the Pd catalyst has been reported by S. Barama et al. [239] in 
the DRM reaction, due to low carbon formation rate.  
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Figure 4-9 Effect of Pd precursors on catalyst stability (Reaction condition: Ptotal = 1 atm, 
T = 700oC, CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 
 
The 1Pd(C)−1Ni/Y2O3 catalyst also shows stable performance with time on stream 
while the 1Pd(N)−1Ni/Y2O3 catalyst shows decreasing trend in CH4 and CO2 conversion, 
indicates that the carbon formation rate on the 1Pd(C)−1Ni/Y2O3 catalyst is much lower 
than the one on the 1Pd(C)−1Ni/Y2O3 catalyst. The low carbon formation rate on the 
1Pd(C)−1Ni/Y2O3 catalyst can be attributed to the small metal particle size of the 
1Pd(C)−1Ni/Y2O3 catalyst. Christensen et al. [240] reported that carbon deposition rate 
strongly depended on metal particle size. The smaller metal particle size resulted in the 
lower carbon deposition rate. Therefore, the MSC formation between the Pd and Y2O3 
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support resulting in small metal particle size on the 1Pd(C)−1Ni/Y2O3 catalyst is crucial 
for the stability of the Pd(C)−Ni/Y2O3 catalyst.    
Figure 4-10 shows the catalytic stability of the Pd−Ni/Y2O3 catalysts at various 
Pd/Ni ratios. It can be seen that the stability of the Pd(C)−Ni/Y2O3 catalysts is observed to 
increase with the increase of Pd content and reaches optimum at the Pd/Ni ratio of 1/1. It 
is also interesting to observe that the metal particle size of the Pd(C)−Ni/Y2O3 exactly 
follows the stability trend of Pd(C)−Ni/Y2O3 catalyst which increases with increase of Pd 
content and reaches optimum at the Pd/Ni ratio of 1/1. Therefore, it is concluded that the 
stronger interaction between Pd and Y2O3 support in the PdxClyYz compound resulting in 
smaller metal particle size on the 1Pd(C)−1Ni/Y2O3 catalyst is the main reason for higher 
stability of the 1Pd(C)−1Ni/Y2O3 catalyst during the course of OCRM reaction. 
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Figure 4-10 Stability study of Pd(C)−Ni/Y2O3 catalysts at various Pd/Ni ratio (Reaction 
condition: Ptotal = 1 atm, T = 700oC, CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 
 
4.3.11 Carbon formation 
FESEM images in Figure 4-11 show that the Ni/Y2O3 catalyst produces abundant 
of carbon nanotubes which are graphitic carbon and difficult to be oxidized at low 
temperature. Although this type of carbon did not result in deactivation of the nickel 
surface, it blocked the reactor and caused catalyst destruction [241]. Similar to the spent 
Ni/Y2O3 catalyst, the carbon nanotubes are also observed on the spent Pd(N)/Y2O3 
catalyst. However, carbon nanotubes are hardly observed on the spent Pd(C)/Y2O3 catalyst. 
Snoeck et al. [242] proposed the carbon nanotubes mechanism through surface reactions 
to produce adsorbed carbon atoms, diffusion through active metals, and formation of 
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filamentous carbon. The formation of carbon nanotubes caused the metal particles 
separate from the support. Since Ni particles on the Ni/Y2O3 catalyst have no interaction 
with Y2O3 support, the carbon nanotubes can easily grow on the Ni/Y2O3 catalyst. This 
phenomenon also occurs on the Pd(N)/Y2O3 catalyst which has no MSC formation 
between Pd and Y2O3 support. In contrast, it is more difficult to form carbon nanotubes on 
the Pd(C)/Y2O3 catalyst since the Pd on the Pd(C)/Y2O3 catalyst has strong interaction 
with Y2O3 support to form the PdxClyYz compound. Therefore, the carbon only covers the 
surface of the Pd(C)/Y2O3 catalyst. This carbon is easily oxidized in the presence of CO2 
in the feed as reported in our previous study. 
 
       
           
Ni/Y2O3 Pd(N)/Y2O3 
Pd(C)/Y2O3 1Pd(C)-1Ni/Y2O3 
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Figure 4-11 FESEM images of spent Pd−Ni/Y2O3 catalysts (Reaction condition: Ptotal = 1 
atm, T = 700oC, CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 
 
The FESEM image of the 1Pd(N)−1Ni/Y2O3 catalyst shows more carbon 
nanotubes than the one of the 1Pd(C)−1Ni/Y2O3 catalyst. The XPS result of the 
1Pd(N)−1Ni/Y2O3 catalyst shows interfacial interaction between Ni and Y2O3 support. 
This interaction is not so strong that carbon nanotubes are possible to grow on the 
1Pd(N)−1Ni/Y2O3 catalyst. On the contrary, the XPS result of the 1Pd(C)−1Ni/Y2O3 
catalyst show strong interaction between Pd and Y2O3 support in the PdxClyYz compound. 
This strong interaction between Pd and Y2O3 prevents growing of carbon nanotubes on the 
1Pd(C)−1Ni/Y2O3 catalyst. Therefore, it is hardly to observe any carbon nanotubes on the 
spent 1Pd(C)−1Ni/Y2O3 catalyst. 
The quantitative amount of carbon formation rate analyzed using TGA on the spent 
Ni/Y2O3, 1Pd(N)−1Ni/Y2O3, 1Pd(C)−1Ni/Y2O3, and Pd(C)/Y2O3 catalysts are shown in 
Figure 4-12a. It can be seen that the carbon formation rate follows order of Ni/Y2O3 > 
1Pd(N)−1Ni/Y2O3 > 1Pd(C)−1Ni/Y2O3 > Pd(C)/Y2O3 catalysts. This order is the same as 
the order of catalyst stability (Ni/Y2O3 > 1Pd(N)−1Ni/Y2O3 > 1Pd(C)−1Ni/Y2O3 = 
1Pd(N)-1Ni/Y2O3 
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Pd(C)/Y2O3), showing high carbon deposition rate is the main reason of low stability on 
the Ni/Y2O3 and 1Pd(N)−1Ni/Y2O3 catalysts. It is also observed that the 
1Pd(N)−1Ni/Y2O3 catalyst, which has big metal particles, produces more carbon than the 
1Pd(C)−1Ni/Y2O3 catalyst, which has small metal particles, indicating that the metal 
particle size also affects the carbon formation rate..  
Figure 4-12b shows the DTA profile of the spent Ni/Y2O3, 1Pd(N)−1Ni/Y2O3, 
1Pd(C)−1Ni/Y2O3, and Pd(C)/Y2O3 catalysts. It can be observed that DTA peak of the 
spent Ni/Y2O3 catalyst is observed at around 550−650°C, which is characteristic of carbon 
nanotubes [243]. This peak is also observed on the spent 1Pd(N)−1Ni/Y2O3 catalyst. 
However, the peak of the spent 1Pd(C)−1Ni/Y2O3 catalyst appears at lower temperature 
around 450−650°C, indicating that the carbon formed on the 1Pd(C)−1Ni/Y2O3 catalyst is 
amorphous which is easier to oxidize.  
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Figure 4-12 (a) Carbon formation rate and (b) DTA profiles of spent Pd−Ni/Y2O3 catalysts 
from different Pd precursors (Reaction condition: Ptotal = 1 atm, T = 700°C, 
CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 
 
4.3.12 Proposed formation mechanism of bimetallic particles on Pd−Ni/Y2O3 catalysts 
Based on all characterization results, the formation mechanism of bimetallic Pd-Ni 
particles on 1Pd(N)−1Ni/Y2O3 and 1Pd(C)−1Ni/Y2O3 catalysts are proposed in Figure 4-
13. The TPR result of 1Pd(N)−1Ni/Y2O3 catalyst shows that all PdO particles are fully 
reduced at 200°C and start to agglomerate. Further increasing temperature to 450°C, NiO 
particles are fully reduced and move near Pd to form bimetallic Pd-Ni particles since Pd 
has interaction with Ni. For Pd−Ni system, most of previous reports in the literature 
(a) 
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proposed the formation of Pd−Ni alloy [204−213]. Modeling studies of Pd−Ni system 
[244−245] showed Pd is segregated on the surface of Ni, due to the fact that Pd has a 
lower surface tension and larger atomic radius than Ni, resulting in expulsion of the Pd 
metal from bulk and its segregation to the surface. Since there is no MSC formation 
between Pd and Y2O3 support on the 1Pd(N)−1Ni/Y2O3 catalyst, it is more likely to find 
segregation of Pd on the 1Pd(N)−1Ni/Y2O3 catalyst surface, similar to the results from 
modeling studies. The FTIR result of the 1Pd(N)−1Ni/Y2O3 catalyst also confirms that the 
catalyst surface contains more Pd than Ni atoms. In addition, since the XPS results of the 
1Pd(N)−1Ni/Y2O3 catalyst show that the Ni particles have some interfacial interaction 
with Y2O3 support, the Ni particle is proposed to have contact with Y2O3 support.  
The formation mechanism of bimetallic Pd-Ni particles on 1Pd(N)−1Ni/Y2O3 
catalyst is different from the one on the 1Pd(N)−1Ni/Y2O3 catalyst. TPR result of 
1Pd(N)−1Ni/Y2O3 catalyst  shows no reduction of PdO is observed at 200°C, but all NiO 
particles are fully reduced at 450°C and start to move near Pd. Further increasing 
temperature to 700°C, some of strongly Pd particles interacted with Y2O3 are reduced and 
form bimetallic Pd-Ni particles. Due to the formation of MSC between Pd and Y2O3 
support on the 1Pd(C)−1Ni/Y2O3 catalyst, it is more difficult for Pd atoms to segregate to 
the surface. The FTIR result of the 1Pd(C)−1Ni/Y2O3 catalyst also shows that besides Pd 
atoms, it is also possible to find Ni atoms on the catalyst surface. Therefore, the catalyst 
surface of the 1Pd(C)−1Ni/Y2O3 catalyst contains more Ni than Pd atoms. The interaction 
between Pd and the Y2O3 support in the PdxClyYz compound on the 1Pd(C)−1Ni/Y2O3 
catalyst is stronger than the one on the Pd(C)/Y2O3 catalyst shows that the Pd atoms have 
even more contact with the Y2O3 support on the 1Pd(C)−1Ni/Y2O3 catalyst. Therefore, the 
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Pd surface is proposed to flatten on the 1Pd(C)−1Ni/Y2O3 catalyst. The similar structures 
were reported by Tomishige on Pt−Ni alloy [246] and Pd-Ni alloy [247]. 
 
        
Figure 4-13 Proposed formation of (a) Pd−rich Pd−Ni alloy on Pd(N)−Ni/Y2O3 catalyst 
and (b) Ni−rich Pd−Ni alloy on Pd(C)−Ni/Y2O3 catalyst 
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4.4 Conclusions 
The Pd precursors are found to have significant effect on catalytic performance of 
Pd−Ni/Y2O3 catalyst. The 1Pd(C)−1Ni/Y2O3 catalyst shows higher activity and stability 
than the 1Pd(N)−1Ni/Y2O3 catalyst due to small metal particle size resulted from the 
presence of Pd−Y2O3 compound on the 1Pd(C)−1Ni/Y2O3 catalyst. Further investigation 
using various Pd/Ni ratios shows that smaller metal particle size has positive effect on 
catalytic activity of Pd−Ni/Y2O3 catalyst. Besides small metal particle size, the presence 
of bimetallic particles, as indicated from XPS results, also plays an important role in 
catalytic activity. Moreover, the interaction between Pd and Y2O3 support in the PdxClyYz 
compound is also found to be stronger with increasing Pd content and reach an optimum 
at Pd/Ni ratio of 1/1, showing that the formation of metal−support compound between Pd 
and Y2O3 support plays an important role in catalyst stability. 




Role of Surface Oxygen Mobility on Catalytic Activity 
of Pd−Ni catalyst over Spherical Nanostructured Y2O3 support 
 
 This chapter describes role of surface oxygen mobility of synthesized Y2O3 on 
catalytic activity of Pd−Ni/Y2O3 catalyst. Different sizes of monodisperse spherical Y2O3 
particles were synthesized using homogeneous precipitation method at various pH of the 
solution. The synthesized Y2O3 particles were then used as the support of Pd−Ni catalysts 
for oxy-CO2 reforming of methane reaction. The FESEM results show that particle size of 
Y2O3 particles decreases with decreasing pH of precursor solution from Y5 to Y3. In 
addition, the crystal size of Y2O3 particles calculated from the XRD results also decreases 
from Y5 to Y3. The TPR results of Y2O3 particles show that the intensity of reduction 
peaks increases from Y5 to Y3 while the position of those peaks shifts to lower 
temperature from Y5 to Y3, suggesting that the surface oxygen mobility of Y2O3 particles 
increases from Y5 to Y3 due to decrease in crystal size of Y2O3 particles. All Pd−Ni/Y2O3 
catalysts have small metal size (±7nm) due to formation of Pd-Y2O3 compound as also 
observed from TPR and XPS results. Catalytic activity results show that CH4 and CO2 
conversions as well as H2 and CO production rates increase from Pd−Ni/Y5 catalyst to 
Pd−Ni/Y3 catalyst. In contrast, the H2/CO ratio and carbon deposition rate decreases from 
Pd−Ni/Y5 catalyst to Pd−Ni/Y3 catalyst. These results show that the highest surface 
oxygen mobility on Pd−Ni/Y3 catalyst plays important roles in high catalytic activity and 
suppression of carbon deposition on Pd−Ni/Y3 catalyst in oxy-CO2 reforming of methane 
reaction. 




 The ever-increasing amount of CO2 has promoted a great interest in CO2 
utilization from academic and industrial researchers. Catalytic CO2 (dry) reforming of 
methane (DRM) is an attractive technology to utilize CO2 and CH4, the two major 
greenhouse effect and cheapest carbon-containing gases [240], to produce syngas. . The 
syngas produced from the reaction is preferable for hydroformylation and carbonylation 
reactions as it yields lower H2/CO product ratio while high H2/CO ratio favors 
methanation and suppresses chain growth [12].  
Catalysts made from noble metals, such as Rh, Ru, Pt, Pd, Ir [238], and non-noble 
metals such as Ni [236−235] and Co [245] have been extensively investigated for the 
DRM reaction. Noble metal catalysts generally show higher activity and lower carbon 
deposition rate than non-noble metal catalysts. The carbon deposition rate decreased in the 
following order: Ni >> Rh > Ir = Ru > Pt = Pd at 773 K and Ni > Pd = Rh > Ir > Pt >> Ru 
at 923 K [15]. However, due to the high cost of noble metals, non-noble metals catalyst, 
especially Ni catalyst, is preferred. Even though Ni catalyst has been modified to improve 
the activity and coke resistance, the energy requirement of the DRM reaction is very high 
due to its endothermic nature. The high energy requirement results in high cost and 
currently seems to hinder the commercialization of the DRM reaction in industries.  
To overcome this drawback, it is desirable to introduce exothermic reaction such 
as partial oxidation of methane (POM). The combination reaction between DRM and 
POM reaction, named as oxy-CO2 reforming of methane (OCRM), can reduce the amount 
of carbon deposition as the oxygen not only can easily oxidize the deposited carbon on the 
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catalyst, but also can minimize the total energy requirement since it combines both the 
exothermic (POM) and endothermic (DRM) reactions.  
Our previous study on effect of catalyst support over PdNi catalysts showed that 
catalyst support has profound effect on the catalyst performance. The Pd−Ni/Y2O3 catalyst 
showed the highest activity and the lowest carbon deposition rate compared to the other 
catalysts due to the formation of metal-support compound resulting in small metal particle 
size, the presence of surface -oxygen species promoting the cracking of C−H bond in 
CH4 and the ability of Y2O3 to form oxycarbonate species to oxidize the surface carbon on 
the Pd−Ni/Y2O3 catalyst. However, the study used commercial metal oxides which had 
irregular shape. 
It is well known that the structure and crystal size of catalyst support plays an 
important role in the activity and stability of catalyst. For instance, Sun et al [249] found 
that Y2O3 synthesized at different pH had different morphologies and crystal sizes. The 
smaller crystal size of Y2O3 had higher surface oxygen mobility, and hence enhanced the 
activity of nickel catalyst in oxidative steam reforming of ethanol reaction. However, 
since the synthesized Y2O3 had different morphology, the conclusion was unclear. In order 
to elucidate the effect of crystal size on the surface oxygen mobility, the synthesized Y2O3 
should have similar morphology. 
In the present study, Y2O3 support was synthesized to obtain monodisperse 
spherical particles. It was then used as the support of Pd−Ni catalysts for the OCRM 
reaction. The influence of Y2O3 crystal size on surface oxygen mobility is investigated. 
The role of surface oxygen mobility on catalytic performance of Pd−Ni/Y2O3 catalyst is 
then examined for the OCRM reaction.  




5.2.1 Support synthesis and catalyst preparation 
 Y2O3 particles were synthesized using homogeneous precipitation method under 
different pH solution. Typically, 0.02M yttrium nitrate solution and 1M urea solution were 
used as the precursors. Those solutions were prepared by dissolving either Y(NO3)3.6H2O 
(Sigma-Aldrich) or CO(NH2)2 (Sigma-Aldrich) with deionised water in 250 mL 
volumetric flask. The two prepared solutions were mixed and filtered through a filter 
paper. The pH of the mixed solution was varied with either 0.1M HNO3 solution or 0.1M 
NH3 solution. The mixed solution was then placed in an isothermal bath, stirred, and 
heated at 95°C for 1 h. It was then cooled down to room temperature prior to 
centrifugation to separate the precipitates. The precipitates were thoroughly washed with 
ethanol, dried at 100°C overnight, and calcined at 800°C for 4 h. The Y2O3 samples 
synthesized at pH3, pH4, and pH5 are designated as Y3, Y4, and Y5, respectively. 
 Pd−Ni catalysts were synthesized by co-impregnation method over the synthesized 
Y2O3 with nominal total loading of 5 wt-% and Pd/Ni mole ratio of 1/1. Typically, the 
nickel solution was prepared by dissolving the nickel (II) nitrate hexahydrate (Strem 
Chemicals) with deionised water while the palladium solution was prepared by dissolving 
palladium (II) chloride (Strem Chemicals) with 2M hydrochloric acid. The prepared 
solutions were mixed in a crucible and stirred with the aid of stirrer. The synthesized Y2O3 
was then added into the crucible. The solution was heated at 80°C until it dried, followed 
by drying at 100°C for 12 h and calcination at 800°C for 4 h. The resultant catalysts are 
designated as Pd−Ni/Y3, Pd−Ni/Y4, and Pd−Ni/Y5, respectively. 
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5.2.2 Support and catalyst characterization methods 
5.2.2.1 Specific surface area measurement 
 The specific surface area of all supports and catalysts was measured by adsorption 
and desorption of N2 at −196°C on the Autosorb-1. Prior to the surface area measurement, 
0.05g of sample was pelletized and outgassed at 250°C for 24 h. The specific surface area 
of sample was determined from the linear portion of BET plot. 
 
5.2.2.2 X-ray diffraction 
 X-ray diffraction pattern of all supports and catalysts was measured on a Shimadzu 
XRD-6000 diffractometer using Cu K radiation. Powder sample was placed on an 
aluminium slide and scanned from 2of 10o to 80o with ramp rate of 2o/min. The beam 
voltage and current were 40 kV and 30 mA, respectively. 
 
5.2.2.3 FESEM  
 The morphology of all supports was visually observed using a field emission 
scanning electron microscope (FESEM: JEOL JSM-6700F). Prior to the test, the sample 
was coated with Pt using Pt-sputtering at 20 mA for 60 seconds. 
 
5.2.2.4 X-ray photoelectron spectroscopy test 
 X-ray photoelectron spectroscopy was performed on Kratos AXIS Ultra DLD 
using concentric hemispherical analyzer. The Al K gun with photon energy of 1486.6eV 
was used as the X-ray source. The wide scans were performed using 80eV pass energy 
while the narrow scans were performed with 40 eV pass energy. Prior to the analysis, the 
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sample was reduced under pure H2 at 600°C for 1 h, which was same as the reduction 
condition during reaction. The sample was mounted on the standard sample stubs using 
double-sided adhesive tapes. The core level signals were obtained at a photoelectron 
takeoff angle (R, measured with respect to the sample surface) of 90°. The X-ray source 
was run at a reduced power of 150 W (15 kV and 10 mA). The pressure in the analysis 
chamber was maintained at 10
−8
 Torr or lower during each measurement. All binding 
energies were referenced to the C 1s hydrocarbon peak at 284.5 eV. 
 
5.2.2.5 TPR and TPD measurements 
 Temperature-programmed reduction (TPR) measurement for fresh supports and 
catalysts was performed on Quantachrome Chembet-3000 equipped with a thermal 
conductivity detector (TCD). Prior to the TPR measurement, 0.05 g sample was outgassed 
at 250
o
C under N2 for 1 h to remove any impurities and then cooled down to room 
temperature. 5%H2/He gas was then introduced to the sample while the temperature of 
furnace was increased from room temperature to 1000
o
C at a heating rate of 10K/min. The 
signal of output gas against the furnace temperature was continuously monitored using the 
TCD and recorded by a computer. 
Temperature-programmed desorption of oxygen (TPD−O2) for fresh catalysts was 
also performed on Quantachrome Chembet-3000. Prior to the TPD-O2 measurement, 0.1 g 
of sample was outgassed under He for 1 h at 300
o
C to remove any impurities. Purified O2 
gas was then introduced for 1 h, followed by cooling down to room temperature. Purified 
He gas was then introduced to the system to purge out all the remaining oxygen in the 
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system. The TPD−O2 measurement was started from room temperature to maximum 
furnace temperature of 1000°C under a heating rate of 10K/min.  
 
5.2.2.6 TEM 
 The metal particle size of Pd−Ni catalysts was measured visually using HRTEM 
system JEOL JEM−2100F. The average size is then calculated over 50 particles. Prior to 
the observation, the catalyst was initially reduced at 600˚C by pure H2 for 60 min. The 
catalyst was then ultrasonically dispersed in ethanol and spread over perforated copper 
grids. 
 
5.2.3 Catalytic reaction 
Catalytic reaction was performed in a fixed bed quartz reactor with inner diameter 
4 mm and length 400 mm. 0.05 g of catalyst was used in each test and held by quartz wool 
in the middle of the reactor. The temperature of the catalyst bed was controlled and 
monitored by a thermocouple that was in contact with the top layer of the catalyst bed. 
Prior to the catalytic test, the catalyst was reduced under H2 at 600
o
C for 1 hour, followed 
by purging under He while the temperature was increased to the reaction temperature. The 
feed consisting of CH4/CO2/O2 with a molar ratio of 5/4/1 was then introduced to the 
reactor at flowrate of 20 mL/min. All the gases used here were research grade (99.95% 
CH4, 99.99% CO2, 99.8% O2, and 99.9995% He). A cold trap filled by 50% glycerol and 
50% water with a temperature of −10oC was installed between the reactor exit and the GC 
sampling valve to condense any moisture. The gas product was analyzed using a gas 
chromatograph (HP 6890) equipped with a Hayesep D column and a TCD detector. The 
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chromatogram showed peak areas for all reacted gases which were then converted to 
volume-% through a calibration curve. The total flow rate of the product gases was 
measured using bubble flow meter The conversions of CH4 and CO2 were calculated using 





























where n is molar flow rate of each gas. 
The total amount of deposited carbon on the spent catalysts was measured using 
thermogravimetric analysis (TGA) on a Shimadzu DTG−60 thermogravimetric analyzer. 
Around 10 mg of spent catalyst was used in each TGA experiment and heated in air to 
800ºC with a heating rate of 10K/min. 
 
5.3 Results and discussion 
5.3.1 Characterizations of Y2O3 supports 
 Figure 5-1 shows the morphology of Y2O3 particles synthesized at pH 3, 4, and 5.  
It can be seen that all Y2O3 particles have monodisperse spherical shape. It has been 
reported in literature that Y2O3 particles has various shapes such as spherical particle 
[250−251], rod or wire [252−254], tube and needle [252], belt [253], prism and nanosheet 
[249−252] depending on the preparation method. From an engineering point of view, 
spherical particle with narrow size distribution is preferred for obtaining good fluidization 
[255] in fluidization reactor for the OCRM reaction [256−257]. The formation of 
monodispersed spherical Y2O3 particles is due to slow decomposition of urea to produce 
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, into the system until the solubility is exceed is the basic principle 
for homogeneous precipitation of cations throughout the volume. Once the ligand is 
introduced uniformly throughout the volume, the formation of particles then occurs 
simultaneously at all points in the system [250]. Sohn et al. [251] suggested the 







 from urea dissociation to form Y(OH)CO3·1.5 H2O 









 + 2H2O ↔ CO3
2-














 + 1.5 H2O → Y(OH)CO3·1.5 H2O 
The Y(OH)CO3·1.5 H2O compound undergoes chemical change to Y2O3 particle through 
calcination at 800°C. 
In addition, synthesis of monodispersed spherical Y2O3 particles was performed 
only at pH 3, 4, and 5 since below pH 3, severe agglomeration among particles was 
observed. Since the highest pH of solution during precipitation via decomposition of urea 
was 5.5, it therefore took very long time to reach pH 6 [251]. Above pH 7.0, the yttrium 
ions (Y
3+
) precipitates with OH
−









 at 25°C [258]. The Y(OH)3 compound then undergoes 
chemical change to Y2O3 particle through calcinations at high temperature. 
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Figure 5-1 FESEM images of Y2O3 synthesized at pH of: a) 3; b) 4; and c) 5 
 
Table 5-1 tabulates the average particle size of the synthesized Y2O3 measured 
over 50 particles. It shows that the size of Y2O3 particles decrease with decreasing pH of 
solution from Y5 to Y3, since the OH
-
 ion from urea decomposition was consumed by the 
HNO3 during the pH adjustment in synthesis process, leading to lesser amount of OH
-
 ion 
at lower pH solution, hence it forms smaller particles. Table 1 also shows that the surface 
area of the synthesized Y2O3 particles decreases from Y3 to Y5 due to increase in particles 
size from Y3 to Y5.  
 
Chapter 5 Role of oxygen mobility on Pd−Ni/Y2O3 catalyst 
 
144 
























Y3 3 12 231 ± 17 30 124.3 10.3 
Y4 4 11 253 ± 20 32 89.8 8.2 
Y5 5 10 369 ± 33 34 73.8 7.4 
a 
measured over 50 particles using FESEM 
b
 calculated using Debye – Scherrer formula 
c
 calculated based on integration of H2-TPR profile up to 1000°C 
 
 Figure 5-2 shows the XRD patterns of the synthesized Y2O3 crystal structures. It is 
observed that all the synthesized Y2O3 particles exhibit identical patterns with commercial 
Y2O3.  Moreover, the diffraction peaks of (211), (222), (400), (440) and (622) are clearly 
distinguishable and all of them can be indexed to a pure cubic phase of Y2O3 crystal 
structure according to PDF card 00-005-0574. The crystal sizes of the synthesized Y2O3 
particles calculated using the Debye-Scherrer formula (Table 5-1) slightly increases from 
Y3 to Y5, indicating that during the growth of spherical Y2O3 particles, the crystal of 
Y2O3 also grows bigger. These results show that all Y2O3 particles consist of same crystal, 
but different in the crystal size. 
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Figure 5-2 XRD pattern of Y2O3 supports synthesized at various pH 
 
 Figure 5-3 shows the H2-TPR of synthesized Y2O3. It can be seen that all the 
synthesized Y2O3 particles show three peaks from 300°C to 800°C. The intensity of these 
peaks increases from Y5 to Y3, while the position of the peaks is observed to shift to 
lower temperature from Y5 to Y3. It was reported that the theoretical H2 consumption for 
complete reduction of Y2O3 is 13.3mmole/g [249]. However, the calculated hydrogen 
consumptions tabulated in Table 5-1 are equivalent to only less than 1% of the total 
reduction of Y2O3, showing that only a partial amount of synthesized Y2O3 can be reduced 
during the reduction process. This result indicates that the H2 molecules might  




Figure 5-3 TPR profiles of synthesized Y2O3 supports 
 
have consumed only the oxygen species located on the surface and/or subsurface of the 
synthesized Y2O3 [227, 259]. Therefore, the position and intensity of the H2 consumption 
peaks can be utilized as an indicator of the surface oxygen mobility on Y2O3. The 
relationship between the position of H2 consumption peak and the surface oxygen mobility 
species has been reported for CeO2, ZrO2, and Y2O3 [249, 259−261]. Based on the 
position and H2 consumption per BET surface area, the order of the surface oxygen 
mobility on the synthesized Y2O3 supports is Y3 > Y4 > Y5. The highest surface oxygen 
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mobility in Y3 can be attributed to the smallest crystal size of Y3 since the smallest crystal 
has the highest surface energy, resulting in reduction in a larger amount of surface oxygen 
species [249]. Furthermore, Mamontov et al. [262-263] found that the interstitial oxygen 
was the active ions contributing to oxygen mobility. The concentration of the interstitial 
oxygen is significantly affected by the amount of crystalline defects. Therefore, since Y3 
has the smallest crystal size, it should have the highest amount of crystalline defects, and 
hence the highest amount of oxygen species. The highest surface oxygen mobility in Y3 
also shows that Y3 has the highest oxidizing ability [262-263]. The surface oxygen 
mobility is later shown to play an important role in increasing catalytic activity and 
suppression of carbon formation rate. 
 
5.3.2 Characterizations of Pd−Ni/Y2O3 catalysts 
 The BET results (Table 5-2) of Pd−Ni catalysts over synthesized Y2O3 supports 
show that the surface area of Pd−Ni/Y5 is the lowest among the other Pd−Ni catalysts as 
Y5 has the lowest surface area. In addition, Figure 5-4 and Table 5-2, respectively shows 
the TEM images of reduced Pd−Ni/Y2O3 catalyst and metal particle size measurement of 
Pd−Ni/Y2O3 catalyst. It can be seen that the metal particle size for all reduced 
Pd−Ni/Y2O3 catalysts measured using high resolution TEM is quite constant around 7nm. 
This result shows that metal particle size is not affected by the surface area and crystal 
size of the supports. 





Figure 5-4 TEM images of reduced Pd−Ni/Y2O3 catalysts 
 
 










Pd−Ni/Y3 25 ≈ 7.5 ± 2.2 
Pd−Ni/Y4 23 ≈ 7.0 ± 1.3 
Pd−Ni/Y5 20 ≈ 7.1 ± 1.5 
a 
measured over 50 particles using TEM 
Pd-Ni/Y3 Pd-Ni/Y4 
Pd-Ni/Y5 
50 nm 50 nm 
50 nm 
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The crystal structures of the fresh Pd−Ni catalysts characterized by XRD can be 














and PdO (34° and 42°) are not observed, indicating that the NiO and PdO crystal sizes of 
the Pd−Ni/Y2O3 catalysts are beyond the detection limit of XRD. This suggests that the 
metallic particles have been highly dispersed on the support using wet impregnation 
method. On the other hand, two small peaks at 2 of 32.5o and 45.9o are observed in all 
the Pd−Ni/Y2O3 catalysts. This peak is attributed to the formation of metal-support 
compound (MSC) between Pd and Y2O3 support, probably in the form of PdxClyYz 
compound, showing interaction between Pd and Y2O3 support as reported in previous 
chapter.  




Figure 5-5 XRD patterns of fresh Pd−Ni/Y2O3 catalysts 
 
Figure 5-6 shows the TPR profiles of the fresh Pd−Ni/Y2O3 catalysts. All the 
Pd−Ni/Y2O3 catalysts have two reduction peaks at temperature of 350°C-450°C and 
600°C-750°C separately. The reduction peak at temperature of 350°C-450°C can be 
assigned to the reduction of NiO species. However, the observed temperature is lower than 
the one on the Ni catalyst reported by Habimana et al. [264]. The shifting of NiO peak to 
lower temperature can be attributed to the H2 spill over from noble metal [175] in this case, 
Pd. Since Pd is reduced at lower temperature than Ni, once reduced, Pd will act as 
hydrogen dissociation sites and the dissociated hydrogen migrates through the catalyst 
surface to reduce Ni easier than the normal gaseous molecular hydrogen [172].  
◊ 





Figure 5-6 TPR profiles of fresh Pd−Ni/Y2O3 catalysts 
 
In addition, the TPR peak of the Pd−Ni/Y2O3 catalysts at temperature of 600°C-
750°C can be assigned to the reduction of a compound containing Pd and Y2O3. Based on 
our previous study, this peak can be assigned to reduction of PdxClyYz compound. The 
presence of PdxClyYz compound indicates the interaction between Pd and Y2O3 support, 
which shifts the reduction of palladium to higher temperature. Pospíšil et al. [265] 
reported that Pd acted as an activator in the reduction process with the Y2O3 supports, 
therefore, exhibiting interaction with Y2O3 supports. The amount of H2 consumption of 
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Pd-Ni catalysts shows that all catalysts have similar H2 consumption while the amount of 
H2 consumption in synthesized supports increase from Y5 to Y3, showing that the 
increase in H2 consumption in synthesized supports from Y5 to Y3 is due to the surface 
oxygen from synthesized Y2O3 support. This TPR results also show that reduction of NiO 
and PdxClyYz compound is not influenced by the oxygen mobility of the support.  
Further characterization using TPD-O2 on the Pd−Ni/Y2O3 catalysts (Figure 5-7) 
reveals that all Pd−Ni/Y2O3 catalysts have different oxygen desorption profiles. The 
Pd−Ni/Y3 catalyst shows one peak around 320-600°C, corresponding to the gaseous 
chemisorbed oxygen on catalyst support, commonly named as -oxygen [193]. The peak 
at similar location is also observed on the Pd−Ni/Y4 and Pd−Ni/Y5 catalysts. However, 
the peak shifts to higher temperature from Pd−Ni/Y3 to Pd−Ni/Y5 catalysts, suggesting 
that the surface oxygen mobility decreases from Pd−Ni/Y3 to Pd−Ni/Y5 catalysts. This 
result is in agreement with TPR result of fresh catalyst supports, which show increasing in 
surface oxygen mobility from Y5 to Y3 supports. 




Figure 5-7 TPD- O2 profiles of Pd−Ni/Y2O3 catalyts 
 
Figure 5-8 shows the XPS Pd 3d of the reduced Pd−Ni/Y2O3 catalysts. It is 
observed that Pd has 3 peaks for all catalysts. The former two peaks correspond to the Pd 
3d5/2 and satellite peaks while the latter peak corresponds to the Pd 3d3/2 peak. The Pd 
3d5/2 peaks of the reduced Pd−Ni/Y3, Pd−Ni/Y4, and Pd−Ni/Y5 catalysts are located at 
335.0eV, 335.4eV, and 335.7eV, respectively. The binding energy of this peak on all the 
Pd−Ni/Y2O3 catalysts is higher than the binding enery of Pd
0
 (334.9 eV) [229], suggesting 
the presence of electron deficient Pd
n+
 species whereby the electron has been transferred 
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from Pd. It is also observed that the shifting of the XPS 3d Pd5/2 peak to higher binding 
energy increases with the following order:  Pd−Ni/Y5 > Pd−Ni/Y4 > Pd−Ni/Y3, showing 
that Pd on the Pd−Ni/Y5 catalyst has been transferred more electrons than Pd on the other 
Pd−Ni catalysts.  
  
 
Figure 5-8 XPS Pd 3d patterns of PdNi/Y2O3 catalysts 
 
The XPS Ni 2p3/2 main peak (Figure 5-9) of the reduced Pd−Ni/Y3 catalyst is 
observed at 855.8eV, which is higher binding energy than the Ni 2p3/2 peak of NiO at 
854.5eV [228], showing that electron has also been transferred from Ni. In addition, it is 
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also observed that the XPS Ni 2p3/2 main peak of the reduced Pd−Ni/Y4 and Pd−Ni/Y5 
catalysts is also located at the same binding energy with the XPS Ni 2p3/2 main peak of the 
reduced Pd−Ni/Y3 catalyst. This result is in agreement with TPR result which shows that 
all Pd−Ni/Y2O3 catalysts have the same reduction temperature of the NiO. 
 
 
Figure 5-9 XPS Ni 2p patterns of Pd−Ni/Y2O3 catalysts  
 
The XPS Y 3d results in Figure 5-10 show that the Y 3d5/2 peak of the Pd−Ni/Y3, 
Pd−Ni/Y4, and Pd−Ni/Y5 catalyst is located at 156.6eV, which slightly shifts to higher 
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binding energy compared to the peak of pure Y2O3 [228]. This result shows that electron 
has been transferred from Y.  
 
 
 Figure 5-10 XPS Y 3d patterns of Pd−Ni/Y2O3 catalysts  
 
In contrast, the XPS O 1s peak of the Pd−Ni/Y2O3 catalysts (Figure 5-11) is 
observed to shift to lower binding energy from Pd−Ni/Y5 to Pd−Ni/Y3 catalysts, showing 
that electron has been transferred to O. Two main peaks can be observed in all the 
Pd−Ni/Y2O3 catalysts after deconvolution. The characteristic O 1s peaks at around 529eV 
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, respectively [260, 266]. It is also observed 
that the peak shifting to lower binding energy becomes more intense from Pd−Ni/Y5 to 
Pd−Ni/Y3 catalyst, indicating that the O on the Pd−Ni/Y3 catalyst is more mobile 
compared to the other catalysts. This result is in agreement with TPR results of the 
synthesized Y2O3, which shows that Y3 has the highest surface oxygen mobility. 
 
 
Figure 5-11 XPS O 1s patterns of Pd−Ni/Y2O3 catalysts 
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By combining all the XPS results, it can be seen that Pd, Ni, and Y have 
transferred electron and O has received electron. Our previous study shows the presence 
of bimetallic Pd-Ni particles and PdxClyYz compound due to transfer electron from Ni to 
Pd and from Pd and Y to Cl. These results are in agreement with our previous study.  
 
5.3.3 Catalyst activity 
 Figure 5-12 shows the CH4 and CO2 conversions produced from the Pd−Ni/Y2O3 
catalysts at different temperature. It can be seen that the CH4 and CO2 conversion increase 
with increasing temperature as higher temperature promotes higher reaction rates. The 
similar increasing in H2 and CO production rates with increasing temperature is observed 
in Figure 5-12. The increase in activity of the Pd−Ni/Y2O3 catalysts should be attributed to 
the decrease in crystal size of Y2O3 since the specific surface area and metal particle size, 
and TPR results of all Pd−Ni/Y2O3 catalysts are similar. Therefore, specific surface area, 
metal particle size, and formation of metal-support compound are not the key factors 
affecting the catalyst activity in this study. 
However, it is observed that the increase in activity of the Pd−Ni/Y2O3 catalysts 
has similar trend with the increase in surface oxygen mobility of the Y2O3 support. From 
the TPR results, Y3 has the highest surface oxygen mobility which results in the 
enhancement of the catalytic performance of the Pd−Ni/Y3 catalyst in the OCRM reaction. 
Similar observation was found in the study done by Sun et al. [249]. In addition, Bellido 
& Assaf [227] reported that the incorporation of Y2O3 in ZrO2 enhanced the catalytic 
performance of Ni catalyst due to the presence of oxygen vacancies in the support. The 
important role of the surface oxygen mobility on catalytic activity has also been reported 
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in many catalytic systems, such as ethanol steam reforming [266], CO oxidation [267], 
and hydrocarbon combustion [268]. For instance, the catalytic activity and stability of Co 
catalyst on ethanol steam reforming was found to be higher due to higher oxygen mobility 
of CeO2 [269]. In addition, the oxygen mobility was found to have positive influence on 
rate-determining step of CO oxidation [267]. Therefore, surface oxygen mobility is the 













Figure 5-12 CH4 and CO2 conversions; and H2 and CO production rate from Pd−Ni/Y2O3 
catalysts (Ptotal = 1 atm, T = 700oC, CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 
  
 Table 5-3 shows the H2 and CO production rates and the H2/CO ratio. It is 
interesting to observe that the H2/CO ratio of all Pd−Ni/Y2O3 catalysts decreases with 
increasing temperature, indicating that all Pd−Ni/Y2O3 catalysts produce more CO than H2 
at higher temperature. This phenomenon is expected since the DRM reaction favoring at 
higher temperature produces more CO than the POM reaction. Therefore, the H2/CO ratio 
decreases with increasing temperature. 
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Interestingly, the H2/CO ratio is also observed to decrease from the Pd−Ni/Y5 to 
Pd−Ni/Y3 for all reaction temperatures. This result can be attributed to the increase of 
surface oxygen mobility from Y5 to Y3 since the surface oxygen species on Y2O3 can 
oxidize the deposited carbon species on catalyst surface to produce more CO. Therefore, 
the Pd−Ni/Y3 catalyst produces more CO than the other Pd−Ni/Y2O3 catalysts. 
 
Table 5-3 H2/CO produced from Pd−Ni/Y2O3 catalysts 
Catalysts 













600°C 700°C 800°C 600°C 700°C 800°C 600°C 700°C 800°C 
Pd−Ni/Y3 5.55 8.33 10.90 4.26 6.57 8.93 1.30 1.27 1.22 
Pd−Ni/Y4 5.21 8.01 9.95 3.97 6.27 8.00 1.31 1.28 1.24 
Pd−Ni/Y5 4.22 7.51 9.47 3.15 5.79 7.42 1.34 1.30 1.27 
 
In order to show the role of oxygen mobility, methane decomposition reaction was 
performed on Pd−Ni/Y3, Pd−Ni/Y4, and Pd−Ni/Y5 catalysts. The result in Figure 5-13 
shows that besides H2 and unreacted CH4, all Pd−Ni catalysts produce a small amount of 
CO. It is interesting to see that the mole-% of hydrogen decreases from Pd−Ni/Y3 to 
Pd−Ni/Y5 at the same reaction time, showing that the Pd−Ni/Y3 catalyst has the best 
performance among other Pd−Ni catalysts. In addition, the mole-% of CO produced from 
Pd−Ni/Y3 catalyst is also the highest among other Pd−Ni catalysts. This result is the 
evidence that the highest oxygen mobility on the Pd−Ni/Y3 catalyst plays an important 
role in catalytic activity. 









Figure 5-13 Product distribution of methane decomposition over Pd−Ni/Y2O3 catalysts 
(Ptotal = 1 atm, T = 700oC, CH4/He= 1/1, GHSV = 24000 cm3/g/h) 
 
5.3.4 Carbon formation 
Figure 5-14 shows the carbon deposition rates on the spent Pd−Ni/Y2O3 catalysts 
at various reaction temperatures of 600°C to 800°C. It can be observed that the carbon 
deposition rates on spent catalysts at reaction temperature of 600°C decreases with the 
following order: Pd−Ni/Y3> Pd−Ni/Y4>Pd−Ni/Y5. However, the carbon deposition rate 
on spent Pd−Ni/Y5 catalyst increases significantly with increasing temperature. The 
increase in carbon deposition rate with increasing temperature is due to higher activity of 
the catalyst in the OCRM reaction, resulting in higher amount of carbon deposition rate. 
The increase in carbon deposition rate with increasing temperature is also observed on the 
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spent Pd−Ni/Y4 catalyst. However, the increase in carbon deposition rate is not as high as 
the one on the spent Pd−Ni/Y5 catalyst. In contrast, the carbon deposition rate on the 
spent Pd−Ni/Y3 catalyst decreases significantly with increasing reaction temperature, 
probably due to the highest surface oxygen mobility on the Pd−Ni/Y3 catalyst. This result 
can be explained by the fact that the surface oxygen species has higher mobility at higher 
temperature. Therefore, the surface oxygen species can be more active at higher 
temperature to oxidize more deposited carbon, thus, the increase in carbon deposition rate 
at higher temperature can be reduced. 
 
Figure 5-14 Carbon deposition rate on spent Pd−Ni/Y2O3 catalysts (Ptotal = 1 atm, T = 
700oC, CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h). 
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The DTA profile of the spent Pd−Ni/Y2O3 catalysts is shown in Figure 5-15. All 
the spent Pd−Ni/Y2O3 catalysts show peak at below 600°C, indicating that the carbon type 
is amorphous [203]. However, the peak is observed to shift to lower temperature from the 
Pd−Ni/Y5 to Pd−Ni/Y3 catalysts, showing that the carbon on the Pd−Ni/Y3 catalyst is 
easier to be oxidized. This result could be also related with the highest surface oxygen 
mobility of the Pd−Ni/Y3 catalyst; hence, the Pd−Ni/Y3 catalyst has lower amount and 
more reactive carbon. 
 
Figure 5-15 DTA profiles of spent Pd−Ni/Y2O3 catalysts (Ptotal = 1 atm, T = 700oC, 
CH4/CO2/O2 = 5/4/1, GHSV = 24000 cm3/g/h) 




 The spherical monodisperse Y2O3 particles with different sizes were successfully 
synthesized using homogeneous precipitation method. The particle size of synthesized 
Y2O3 particles decreases with decreasing pH solution from Y5 to Y3. In addition, the 
calculated crystal size of the Y2O3 particles also slightly decreases from Y5 to Y3. The 
TPR results of the synthesized Y2O3 particles show that the intensity of reduction peak 
due to surface oxygen mobility increases from Y5 to Y3, which can be attributed to the 
smaller crystal size of the synthesized Y2O3 particles from Y5 to Y3. Interestingly, the 
catalytic activity and carbon deposition rate on the Pd−Ni/Y2O3 catalysts prepared using 
the synthesized Y2O3 show similar trend with the surface oxygen mobility, showing that 
the surface oxygen mobility of synthesized Y2O3 plays important roles on increasing 
catalytic activity of the Pd−Ni/Y2O3 catalysts and suppression of carbon deposition rate on 
the Pd−Ni/Y2O3 catalyst. 
 




Kinetic Study of Oxy-CO2 Reforming of Methane  
on Pd−Ni/Y2O3 catalyst 
 
This chapter discusses development of kinetic model for oxidative CO2 reforming 
of methane over Pd−Ni/Y2O3 catalyst using Langmuir-Hinshelwood (LH) approach. 
Kinetic study was performed over a wide range of contact times and reaction temperature 
in fixed bed reactor under the chemical reaction-controlled regime. Two kinetic models 
were developed based on proposed reaction mechanism. The appropriate kinetic models 
were obtained after rigorous parameter estimation and model discrimination among all the 
two kinetic models. The parameters of the kinetic models were estimated by non-linear 
least square regression. A good agreement was obtained between experimental and model 
predicted results for the kinetic model based on dissociation of adsorbed methane by 
adsorbed oxygen for rate determining step of CO2 reforming of methane and reaction 
between adsorbed carbon and adsorbed oxygen for rate determining step for partial 
oxidation of methane.  
 
6.1. Introduction 
 Carbon dioxide (CO2) utilization has been getting a new interest from academic 
and industrial view point due to sharp increase of CO2 amount. The CO2 and methane 
gases are the cheapest carbon-containing materials and the largest amount as well as the 
most problematic greenhouse gases [269]. Transformation of these both gases into more 
valuable compounds has been investigated extensively since last decade. The two popular 
reactions to utilize these both gases are CO2 reforming of methane and partial oxidation of 
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methane. The products of both reactions, which are H2 and CO, have important use in 
industry and future energy. For example, hydrogen can be used in fuel cells as a power 
source and syngas (H2 and CO) can be converted into hydrocarbons via the Fischer-
Tropsch synthesis. 
 CO2 (dry) reforming of methane (DRM) is a highly endothermic reaction which 
requires very high energy for the reaction to take place and produces theoretical syngas 
(H2/CO) ratio of 1.0. Due to its requirement of external heat exchange, it is a slow process 
involving long residence time and poor transient response [270]. Moreover, a serious 
problem in this reaction is high carbon deposition rate on the catalyst by CO 
disproportionation (2CO → CO2 + C) and methane decomposition (CH4 → C + 2H2). 
These two reactions produce very high amount of carbon deposited on the catalyst, 
causing deactivation. Although catalyst modification has been carried out extensively to 
improve the coke resistance of the catalyst, the high energy requirement seems to prevent 
the commercialization of this reaction in the industry.  
 In contrast, partial oxidation of methane (POM) is a highly exothermic, compact, 
rapid start-up, and fast response reaction, which produces theoretical syngas (H2/CO) ratio 
of 2.0 [271-272]. However, the actual hydrogen yield is lower and further decreases due to 
side reactions consuming H2, such as reverse water gas shift reaction. Moreover, the 
drawbacks include the presence of hot spots due to exothermicity and the difficulty in 
operation, particularly in large-scale reactor [273]. 
Therefore, an alternative process which has been developed in order to compensate 
for the energy extremes of both reactions is the oxidative CO2 reforming of methane 
(OCRM) [271-272, 18]. This process requires lower energy requirement and more 
efficient than the DRM reaction since it combines the endothermic DRM and the 
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exothermic POM reactions [271], enabling generation of energy in-situ during reaction. 
Moreover, high methane conversion can also be achieved with excellent syngas 
selectivities at extremely high space velocities [143]. Presence of O2 in the feed also can 
reduce carbon formation due to oxidation of the carbon precursors species (partially 
hydrogenated CHx species) [143]; thereby minimizing effect of catalyst deactivation. 
Another distinct advantage is that this reaction enables production of gas streams with 
various composition of H2/CO via manipulation of the feedstreams [274]. 
 In previous chapter, we have investigated the effect of Pd addition to Ni catalyst 
over Y2O3 support and found that the catalyst synthesized from PdCl2 precursors with 
Pd/Ni mole ratio of 1/1 is the best catalyst among a series of Pd−Ni catalysts tested for 
OCRM reaction. The high activity of this catalyst is mainly due to formation of Pd−Ni 
bimetallic particles while the small metal particle size produced from strong interaction 
between Pd and Y2O3 support resulted in high stability. We also reported that catalyst 
support has profound effect on the catalyst performance. The catalytic order decreased in 
the order of Pd−Ni/Y2O3> Pd−Ni/Al2O3> Pd−Ni/La2O3> Pd−Ni/CeO2> Pd−Ni/TiO2. The 
Pd−Ni/Y2O3 catalyst showed the highest activity and the lowest carbon deposition rate 
than other catalysts due to the formation of metal−support compound (PdxClyYz 
compound) on the catalyst, the presence of −oxygen species and the ability of Y2O3 to 
form oxycarbonate species.  
 Due to the potential application of this process in the industry, reaction mechanism 
is compulsory to understand at fundamental level. However, to our knowledge, there is no 
study reporting on the reaction mechanism for the OCRM process. The reaction 
mechanisms in the published reports are only available for single reaction such as the 
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DRM or the POM reaction. Therefore, in the present study, the kinetic study of the OCRM 
process has been carried out to develop the mechanistic kinetic model. The reaction 
mechanism will be proposed based on the available reaction mechanisms in the literature 
for the DRM and POM, since OCRM is a combination of them. 
 
6.2. Experimental 
 The Pd−Ni catalyst was prepared using co-impregnation of Ni(NO3)2 and PdCl2 
solutions with Pd/Ni ratio of 1/1 and commercial Y2O3 as the catalyst support.  The details 
of catalyst preparation and characterization are the same with the ones in chapter 3. The 
steady state kinetic was studied in a quartz micro-catalytic reactor (ID 4 mm) in a single 
pass, steady-state plug flow mode. 50 mg of catalyst was used in each test and held by the 
quartz wool placed in the middle of the reactor. The temperature of the catalyst bed was 
controlled and monitored by a thermocouple that was in contact with the top layer of the 
catalyst bed. Prior to the catalytic test, the catalyst was reduced by purified hydrogen at 
600°C for 1 hour and followed by purging with purified helium to reaction temperature. 
All the gases used here were research grade gases (99.95% CH4, 99.99% CO2, 99.8% O2, 
and 99.9995% He). A cold trap filled with 50% glycerol and 50% water at temperature of 
−10oC was installed between reactor exit and the GC sampling valve to condense any 
moisture formed. The gas product was analyzed using a gas chromatograph (HP 6890) 
equipped with a Hayesep D column and a TCD detector. The CH4 conversion was 
calculated from the difference of CH4 flowrate between the inlet and outlet stream of the 
reactor. The same calculation was used for CO2 conversion. Preliminary runs were 
performed to achieve the negligible film and pore diffusion effects on kinetic data. The 
plug flow condition was used to avoid back mixing and channeling; and maintained by 
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providing catalyst bed height to catalyst particle size ratio, L/Dp ≥ 50 and using an 
internal diameter of reactor to catalyst particle size ratio, D/Dp ≥ 30 [275]. 
 
6.3. Results and discussion 
6.3.1. Mass transfer effect 
Some preliminary runs were performed at various conditions to obtain the kinetic 
data in the chemical reaction controlled regime by eliminating pore diffusion and film 
diffusion [276]. Figure 6-1 shows the effect of catalyst particle size on CH4 conversion on 
Pd−Ni catalyst. By varying the average catalyst particle size from 0.1mm to 0.2 mm, the 
effect of pore diffusion was investigated. It can be seen that the CH4 conversion increases 
with decreasing average particle size. However, the CH4 conversion almost remains 
constant for catalyst with particle size lower than 0.15 mm, showing that effect of pore 
diffusion is negligible on the catalyst with particle size lower than 0.15 mm. Therefore, an 
average particle size of 0.10 mm was chosen for all kinetic experiments. 
 




Figure 6-1 Effect of catalyst particle size on catalyst activity (T=700°C, 
CH4/CO2/O2=5/4/1, P=1 atm) 
 
Furthermore, by varying the total feed flow rates, the effect of film diffusion was 
investigated. The total volumetric feed flow rate was varied by adjusting the inert helium 
flow rate while the reactants (CH4, CO2, O2) flow rates were kept constant. Figure 6-2 
shows the effect of total flow rate on the catalytic activity of Pd−Ni catalyst. It can be seen 
that the methane conversion increases with increasing total flowrate and reaches 
maximum at total flowrate of 140mL/min. Above the total flowrate of 140 mL/min, the 
increase of methane conversion is not significant, showing that external mass transfer 
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limitation does not prevail. Therefore, all the kinetic data were collected at total flowrate 
of 140mL/min using particle size of 0.10 mm.  
 
Figure 6-2 Effect of total flow rate on catalyst activity (T=700°C, CH4/CO2/O2=5/4/1, P=1 
atm) 
 
6.3.2. Catalytic reaction 
The catalytic activity for kinetic modeling were performed using Pd−Ni/Y2O3 
catalyst at atmospheric pressure in the temperature range of 600-750°C with total flow 
rate of 140 mL/min. Figure 6-3 shows the effect of partial pressure of CH4 on CH4 and 
CO2 conversion. The partial pressure of CO2 and O2 was kept constant for all tests. It can 
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be seen that the CH4 conversion decreases with increasing partial pressure of CH4 at all 
reaction temperatures. However, the CO2 conversion is observed to be stable at all 
reaction temperatures. The decrease trend in CH4 conversion with increasing temperature 
is expected since according to thermodynamic point of view, the higher reaction 
temperature enhances the catalytic activity.  
 
   
Figure 6-3 Influence of CH4 partial pressure on the CH4 and CO2 conversions over 
Pd−Ni/Y2O3 catalyst (P(CO2) = 8kPa, P(O2) = 2kPa, P(He) = 70-88kPa, total 
flowrate=140mL/min) 
 
 Figure 6-4 shows the effect of CO2 partial pressure on CH4 and CO2 conversion for 
OCRM reaction. The partial pressure of CH4 and O2 was kept constant for all tests. It can 
be seen that at 600°C, the CO2 conversion is quite low, around 20%, and slightly 
decreases with increasing partial pressure of CO2. Meanwhile, at that temperature, CH4 
conversion is also quite low around 28% and stable with increasing partial pressure of 
 Chapter 6 Kinetic Study of Oxy-CO2 Reforming of Methane 
176 
 
CO2. With increasing reaction temperature, the CO2 and CH4 conversions increase 
significantly, but the increase in CO2 conversion is more dramatic than the one in CH4 
conversion. The tremendous increase in CO2 conversion with reaction temperature is in 
agreement with the endothermicity of the DRM reaction which favors high temperature. 
However, the decreasing trend in CO2 conversion is observed with increasing partial 
pressure of CO2, showing that the CO2 is in excess. It should be noted that methane 
combustion to produce more CO2 may also take place and compete with the POM reaction 
to produce CO. In contrast, even though the CH4 conversion increases with increasing 
reaction temperature, it is found that there is no effect of partial pressure of CO2 on the 
CH4 conversion. 
 
   
Figure 6-4 Influence of CO2 partial pressure on CO2 and CH4 conversions over 
Pd−Ni/Y2O3 catalyst (P(CH4) = 10kPa, P(O2) = 2kPa, P(He) = 68-84kPa, total 
flowrate=140mL/min) 
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6.3.3.  Development of kinetic models 
Figure 6-5 shows the effect of partial pressure of CH4 on reaction rate of CH4 over 
Pd−Ni/Y2O3 catalyst for the OCRM reaction. It can be seen that the reaction rate increases 
with increasing reaction temperature. In addition, the reaction rate also increases linearly 
with increasing partial pressure of CH4, indicating that the reaction rate is first order to the 
partial pressure of methane. However, at low partial pressure, the effect of reaction 
temperature is not significant. Moreover, at high partial pressure of CH4, the reaction rate 
of CH4 is quite constant, indicating that CH4 is already in excess.  
 
 
Figure 6-5 Influence of CH4 partial pressure on the reaction rate over Pd−Ni/Y2O3 catalyst 
(P(CO2)= 8kPa, P(O2)=2kPa, P(He)=70-88kPa, total flowrate=140mL/min) 
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 Figure 6-6 shows the effect of partial pressure of CO2 on reaction rate of CO2 over 
Pd−Ni/Y2O3 catalyst. Similar to the reaction rate of CH4 in Figure 6-5, the reaction rate 
increases with increasing reaction temperature. In addition, the reaction rate also increases 
linearly with increasing partial pressure of CO2, indicating that the reaction rate is first 
order to the partial pressure of CO2. However, unlike CH4, the reaction rate of CO2 is 
strongly affected by reaction temperature and partial pressure of CO2 as it always 
increases significantly. This suggests that OCRM reaction at higher temperature and 
higher partial pressure of CO2 is favorable. 
 
Figure 6-6 Influence of CO2 partial pressure on the reaction rate over Pd−Ni/Y2O3 catalyst 
(P(CH4)= 10kPa, P(O2)=2kPa, P(He)=68-84kPa, total flowrate=140mL/min) 
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Even though oxidative CO2 reforming has been studied since 1991 starting from 
Ashcroft et al. work [18], there is no literature available on the reaction mechanism. 
Choudhary et al. [143] suggested that a set of reactions occur during the OCRM reaction 
as follows: 
CH4 +  CO2      2CO +  2 H2  H298 = + 61 kcal/mol  (1) 
CH4 + ½ O2     CO  + 2 H2  H298 = − 5 kcal/mol  (2) 
CH4 +  2 O2      CO2 + 2 H2O  H298 = − 192 kcal/mol  (3) 
CH4 +  H2O      CO +  3 H2  H298 = + 54 kcal/mol  (4) 
CH4 + 1½ O2      CO  + 2 H2O  H298 = − 124 kcal/mol  (5) 
CO  +  H2O     CO2 +  2 H2  H298 = − 8 kcal/mol  (6) 
CO2 +  2 H2     CO  +  H2O  H298 = + 8 kcal/mol  (7) 
Reaction (1) represents CO2 (dry) reforming of methane (DRM) reaction while reaction 
(2) represents partial oxidation of methane (POM) reaction. Both are the main reactions in 
oxy-CO2 reforming of methane and increase the energy efficiency of the process. 
However, reactions (3) to (7) are possibly occur concurrently with the main reactions. 
Reactions (3) and (5) represent methane combustion reactions which are possible with 
excess of oxygen. Reaction (4) represents steam methane reforming to produce syngas. 
Reaction (6) and (7) are the water gas shift (WGS) and the reverse water gas shift 
reactions, respectively.  
Since the OCRM reaction involves the DRM and POM reactions with reverse 
water gas shift (rWGS) reaction as the side reaction, the available reaction mechanisms in 
literature for DRM, POM, and rWGS are useful for deriving the kinetic model for the 
OCRM reaction. The reaction mechanism for the DRM reaction has been studied long 
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time ago. Even though the reaction mechanism also depends on the type of active metal 
and catalyst supports, it has similarity in the basic concept. Laosiripojana and 
Assabumrungrat [46] derived the kinetic model for the DRM reaction over high surface 
area ceria based on the following proposed model: 
4 Ce 3 Ce CeCH 2S CH S H S     RDS (8) 
3 Ce Ce 2 Ce CeCH S S CH S H S      (9) 
2 Ce Ce Ce CeCH S S CH S H S      (10) 
Ce Ce Ce CeCH S S C S H S      (11) 
Ce x x 1 CeC S O CO O S     (12) 
2 x 1 xCO O O CO   (13) 
2 x 1 xCO O O CO   (14) 
Ce 2 Ce2H S H 2S   (15) 
2 x x 1 2H O O H O   (16) 
According to their proposed reaction mechanism, the rate determining step in the DRM 
reaction is the surface methane adsorption on two active sites of ceria. Since ceria is well 
known to have oxygen storage, the surface oxygen molecules from ceria easily oxidize the 
adsorbed carbon to CO instead of CO2. However, their reaction mechanism of the rWGS 
reaction as the side reaction is not clearly described. On the other hand, Tsipouriari and 
Verykios [86] proposed methane decomposition as the rate determining step on Rh/La2O3 
catalyst. Their proposed mechanism is as follows: 
 4 4CH S CH S   equilibrium (17) 
 4 2CH S C S 2H     slow (18) 
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 2 2 3 2 2 3CO La O La O CO  equilibrium (19) 
2 2 3 2 3La O CO C S La O 2CO S      slow (20) 
2H 2S 2H S   equilibrium (21) 
Using transient studies, they observed that the rate dissociation of CO2 is not significant as 
compared to the one of CH4. Furthermore, the active carbon-containing species on the 
catalyst surface consist of carbon only, and not CHx,x >0, species. Therefore, the carbon 
deposition mainly derives from CH4 molecules. Moreover, they also observed the strong 
interaction between CO2 and La2O3 to form La2O2CO3 species. This step is very fast and 
considered to be at equilibrium. In addition, they also proposed the rWGS reaction 
mechanism as follows: 
 2 2CO S CO S   (22) 
 2CO S H S CO S OH S       slow (23) 
 2OH S H S H O 2S     (24) 
 Similar to the DRM reaction, the POM reaction mechanism has also been studied 
long time ago. There are two types of reaction mechanism proposed for the POM reaction, 
i.e. Combustion-Reforming Reaction mechanism (CRR) and Direct Partial Oxidation 
mechanism (DPO).  
The CRR mechanism consists of exothermic methane combustion to produce 
carbon dioxide and water at the beginning of reaction, followed by endothermic reactions 
(CO2 reforming of methane and steam reforming of methane) and water-gas shift reaction 
to produce syngas. Further studies by Vernon et al. [117] showed that at higher space 
velocities or methane/oxygen ratio, the selectivity to carbon dioxide and water increased. 
This indicated that syngas was a secondary product and confirmed the CRR mechanism. 
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This CPO mechanism proposed by Hickman and Schmidt [132-135] showed that 
syngas is produced as a primary product instead of secondary product. They observed that 
there was no significant improvement in methane conversion and CO selectivity when the 
space velocity was reduced to half. Therefore, they proposed the CPO mechanism as 
follows: 
 
4 x,s sCH CH (4 x)H    (25) 
 
s 2,g2H H  (26)
 
2,g sO 2O  (27)
 
s s s gC O CO CO    (28) 
The side reactions involving OH to produce H2O and CO2 have to be considered and 
proposed to occur according to following reactions: 
 
x,s s x 1,s sCH O CH OH    (29) 
 s s sH O OH   (30) 
 
s s 2 gOH H H O   (31) 
 
s s 2,gCO O CO   (32) 
Even though there are two types of reaction mechanism for the POM, most of the 
kinetic models available in the literature are based on the CRR mechanism. Verykios 
[277] proposed a kinetic model for the POM reaction over Ni/La2O3 catalyst based on 
following elementary reactions: 
4 1 1 1CH S Intermediate C.S 4H.S     RDS (33) 
 2 2 2 2O S O .S  Equilibrium (34) 
 2 2 2 2O .S S 2O.S  Fast (35) 
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 1 2 1 2C.S O.S CO.S S   RDS (36) 
 1 2 2 1 2CO.S O.S CO S S     Fast (37) 
 1 2 1 2H.S O.S OH.S S    Very fast (38) 
 1 1 2 1OH.S H.S H O 2S    Very fast (39) 
According to them, methane adsorption on particular sites (S1) on the Ni surface is the 
rate determining step, followed by methane decomposition to adsorbed C and H. Oxygen 
adsorbs on different sites (S2) via molecular precursor. The adsorbed carbon reacts with 
the adsorbed oxygen to form CO, which is also a rate determining step. The produced CO 
reacts rapidly with adsorbed oxygen to produce CO2. The adsorbed hydrogen also reacts 
rapidly to form H2O.  
 Recently, Gubanova et al [278] evaluated the available kinetic models in the 
literature and based on the evaluation, they proposed the following reaction mechanism: 
1, 1k
2O 2S 2O.S
    (40) 
2k
4,gCH 5S C.S 4H.S    RDS (41) 
3, 3k
C.S O.S CO.S S

    (42) 
4, 4k
2,gCO.S O.S CO 2S









   (45) 
7, 7k
2 g2H.S O.S H O 3S

    (46) 
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Using degree of rate control developed by Campbell [279], they concluded that the 
oxidation of carbonaceous intermediates to adsorbed carbon monoxide was less important 
than methane activation. Therefore, the reaction (41) was the rate determining step. This 
RDS is same as the rate determining step proposed by Verykios [277].  
The kinetic model for reverse water gas shift reaction (rWGS) has been studied 
long time ago. Ginés et al. [280] proposed the kinetic model based on surface redox 
mechanism as follows: 
2,gCO 2S CO.S O.S   RDS (47) 
gCO.S CO S  very fast (48) 
2,gH 2S 2H.S  Equlibrium (49) 
22H.S O.S H O.S 2S   Equilibrium (50) 
2 2 gH O.S H O S  very fast (51) 
The CO2 dissociation was suggested to be the rate determining step based on the work of 
Nakamura et al. [281] since the rate of the dissociative adsorption of carbon dioxide on Cu 
(110) was similar to the rate of the rWGS reaction.  
 Based on the elementary reactions of the DRM, POM, and rWGS reactions 
available in the literature as discussed above, two reaction mechanisms for the OCRM 
have been proposed in this study to develop Langmuir-Hinshelwood kinetic models. The 
first reaction mechanism (RM-I) is proposed as follows: 
1, 1k
4 4CH S CH .S
   RDS: DRM & POM (52)  
2, 2k
4CH .S 4S C.S 4H.S
   equilibrium  (53) 
3, 3k
2O 2S 2O.S
   fast (54) 




2CO 2S CO.S O.S
   RDS: rWGS (55) 
5, 5k
C.S O.S CO.S S
   very fast (56)  
6, 6k
22H.S O.S H O.S 2S
   equilibrium (57) 
7, 7k
2 2H O.S H O S
   very fast (58) 
8, 8k
22H.S H 2S
   very fast (59) 
9, 9k
CO.S CO S
   very fast (60) 
The first kinetic model (LH-I) has been developed using the rate determining step (RDS) 
for dry reforming of methane as methane adsorption (reaction 52) and that for reverse 
water gas shift reaction as CO2 adsorption (reaction 55). All reactions are assumed to be at 
equilibrium except the rate determining steps. These equations are written in terms of the 
known concentrations as follows. The equilibrium constants are lumped to reduce the 





CO H 6 7 s CH .S CO H s
CH .S 3
2 5 8 9 H O H O
P P K K C K P P C
C
K K K K P P
   (61) 
2 2
6 7 CO s CO.S CO s
C.S
5 9 H O H O
K K P C K P C
C
K K P P
   (62) 
2 2
1/2 1/2




8 H O s H O.S H O
O.S
6 7 H H
K P C K P
C
K K P P




H O.S H O H O s
7
P C
C K P C
K
   (65) 







H.S H H s1/2
8
P C
C K P C
K
   (66) 
CO s
CO.S CO CO s
9
P C
C K P C
K
   (67) 
4 2T s CH .s C.s O.s H O.s H.s CO.s
C C C C C C C C        (68) 
4 2 2 2 2 2 2 2 2 2 2
T
s 2 1/2
CH .S CO H H O CO.S CO H O H O.S H O H H O H O H H CO CO
C
C
1 K P P / P K P / P K P / P K P K P K P

     
 (69) 
 
Since reactions (56), (58), (59), and (60) are very fast, suggesting that the equilibrium 
constants (K) of those reactions are very big, the 
2H O.S
C , 
H.SC , and CO.SC  are equal to zero. 
Therefore, equation (69) can be simplified as follows: 
4 2 2 2 2 2 2
T
s 2
CH .S CO H H O CO.S CO H O H O.S H O H
C
C








DRM DRM CH sr k P C  (71) 
4
4 2 2 2 2 2 2
DRM CH
DRM 2
CH .S CO H H O CO.S CO H O H O.S H O H
k P
r





DRM DRM Tk k C .
  




rWGS rWGS CO sr k P C  (73) 








CH .S CO H H O CO.S CO H O H O.S H O H
k P
r
1 K P P / P K P / P K P / P

    
 (74) 
where ' 2
rWGS rWGS Tk k C  
 
 Erdöhelyi et al. [77] studied individual dissociation reaction of CO2 and CH4 as 
well as CH4+CO2 interaction reaction over palladium catalyst and reported that 
dissociation of CO2 was enhanced in the presence of CH4, due to effect of hydrogen 
formed in the decomposition of CH4 since no formation of any surface complexes 
between CO2 and CH4 was observed. Therefore, they proposed that the rate determining 
step was activation of CH4 by adsorbed oxygen formed in the dissociation of CO2. 
 Further investigation by Bitter et al. [282] using IR spectroscopy of CO2 
adsorption showed formation of carbonate species on the catalyst support, such as ZrO2. 
The carbonate species was then reduced by adsorbed hydrogen from CH4 decomposition 
on the metal to form an OH group and formate species, which subsequently decomposed 
to CO and an OH group. The OH group was later desorbed as water. The same 
phenomenon was reported by Ferreira-Aparicio et al. [283]. 
 Patel and Pant [284] studied kinetic modeling of oxidative steam reforming of 
methanol and proposed decomposition of formate species to form CO and OH group as 
rate determining step of rWGS reaction.  




   Fast
 (75) 




2 2CO S CO .S
   Equilibrium (76) 
3, 3k
4 4CH S CH .S
   Equilibrium (77) 
4, 4k
4 3CH .S O.S CH .S OH.S
   RDS: DRM (78) 
5, 5k
4 3CH .S S CH .S H.S
   Fast (79) 
6, 6k
3 2CH .S S CH .S H.S
   Fast (80) 
7, 7k
2CH .S S CH.S H.S
   Fast (81) 
8, 8k
CH.S S C.S H.S
   Fast
 (82) 
9, 9k
2O.S CO .S COOO.S S
   Fast (83) 
10, 10k
2H.S COOO.S HCOO.S OH.S S
   Fast (84) 
11, 11k
HCOO.S S CO.S OH.S
   RDS: rWGS (85) 
12, 12k
2H.S CO .S CO.S OH.S





C.S O.S CO.S S
   RDS: POM (87) 
14, 14k
22H.S O.S H O.S 2S
   Equilibrium (88)  
15, 15k
2H.S OH.S H O.S S
   very fast (89) 
16, 16k
2 2H O.S H O S
   very fast (90) 
17, 17k
22H.S H 2S
   very fast (91) 
18, 18k
CO.S CO S
   very fast (92) 
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The second kinetic model (LH-II) has been developed using the rate determining step 
(RDS) for DRM as dissociation of adsorbed methane by adsorbed oxygen (reaction 78), 
RDS for POM as reaction between adsorbed carbon and adsorbed oxygen (reaction 87), 
and RDS for rWGS as formation of adsorbed CO and surface hydroxyl from formate 
species (reaction 85).  
2 2 2
1/2 1/2 1/2
O.S 1 O s O O sC K P C K P C  or
2 2 2
2 2
17 H O s O H O s
O.S
14 16 H H
K P C K P C
C
K K P P
 
 (93) 
2 2 2 2CO .S 2 CO S CO CO S
C K P C K P C   (94) 
4 4 4 4CH .S 3 CH S CH CH S





CH .S CH S5 3 17 CH .S S
CH .S 1/2 1/2
H H








8 7 6 5 3 17 CH .S S C.S CH .S S
C.S 2 2
H H









10 9 17 H O CO s HCOO.S H O CO s
HCOO.S 1/2 1/2
12 14 16 H H
K K K P P C K P P C
C
K K K P P
   (98) 
2 2 2 2
1/2 1/2
12 2 18 H CO s OH.S H CO s
OH.S 1/2
17 CO CO









H O.S H O H O s
16
P C
C K P C
K





H.S H H s1/2
17
P C
C K P C
K
   (101) 
CO s
CO.S CO CO s
18
P C
C K P C
K
   (102) 
2 4 3T S O.S CO .S CH .S CH .S HCOO.S
C C C C C C C       (103) 
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2 2 2 2 2 4 4 3 4 2 2 2
T
s 1/2 1/2
O H O s H CO CO CH CH CH .S CH H HCOO.S H O CO H
C
C
1 K P C / P K P K P K P / P K P P / P

    
 (104) 
 
Since reactions (75) and (80) are very fast, suggesting that the equilibrium constants (K) 
of those reactions are very big, the CO.S and CCH3.S  
is equal to zero. Therefore, equation 
(104) can be simplified as follows: 
2 2 4 4 2 2 2 2
T
s 1/2 1/2
CO CO CH CH HCOO.S H O CO H OH.S H CO CO
C
C
1 K P K P K P P / P K P P / P

   
   
(105) 
The rate of the DRM reaction using dissociation of adsorbed methane by adsorbed oxygen 
(reaction 55) as the RDS can be written as: 
4
'
DRM DRM CH .S O.Sr k C C  (106) 
  2 2
4 4
2
O H O s'
DRM DRM CH CH S
H
K P C





     (107) 
 
4 2 4
2 2 4 4 2 2 2 2
2 2DRM CH O CH
DRM 2
1/2 1/2
CO CO CH CH HCOO.S H O CO H OH.S H CO CO
H O Hk K K P P P
r
1 K P K P K P P / P K P P / P
/

   
 (108) 
Where ' 2
DRM DRM Tk k C  
 
The rate of the POM reaction using reaction between adsorbed carbon and adsorbed 
oxygen (reaction 65) as the RDS can be written as: 
'
POM POM C.S O.Sr k C C  
4 2 2
2 2
C.S CH S O H O s'
POM POM 2
H H




   
  
    
(109) 







2 2 4 4 2 2 2 2
2CH'









1 K P K P K P P / P K P P / P








POM POM Tk k C  
 
The rate of the rWGS reaction using formation of adsorbed CO and surface hydroxyl from 
formate species (reaction 63) as the RDS can be written as: 
' '
rWGS rWGS HCOO.S S rWGS CO.S OH.Sr k C C k C C   (111) 
2
2
HCOO.S H O CO s'
rWGS rWGS s1/2
H










2 2 4 4 2 2 2 2
1/2
rWGS H O CO H
rWGS 2
1/2 1/2
CO CO CH CH HCOO.S H O CO H OH.S H CO CO
k P P P
r




   
 (112) 
where ' 2
rWGS rWGS HCOO.S Tk k K C   
   
6.3.4. Parameter estimation and model validation 




 was determined using 
the stoichiometry of DRM and rWGS reaction as follows: 
4CH DRM POM A
r (r r ).S    (113) 
2CO DRM rWGS A
r (r r ).S    (114) 
CO DRM POM rWGS Ar (2r r r ).S    (115) 
2H DRM POM rWGS A
r (2r 2r r ).S    (116) 
2H O rWGS A
r r .S  (117) 
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The parameter estimation for all kinetic parameters is based on minimization 
algorithm using a combination of Gauss-Newton and Levenberg-Marquardt methods. The 
non-linear regression software used to fit the experiment data to reaction rate equations is 
NLREG, which compute the sum of squared residuals for one set of parameter values and 
then slightly alter each parameters value and recalculate the sum of squared residuals to 
see the effect of parameter value change to the sum value of squared residuals. The 








i ij ij calc
i j
w r r  
Where m and n are the number of parameters and observations, respectively; wi is the 
weight factor for response i, rexp and rcalc are experimental and calculated reaction rates, 
respectively. 
In order to obtain all parameters value as a function of temperature, Arrhenius 











Meanwhile, the equilibrium constants of the adsorbed species as a function of 







   (119) 
  
 Chapter 6 Kinetic Study of Oxy-CO2 Reforming of Methane 
193 
 
Table 6-1 shows all parameters for kinetic model LH-I and LH-II as functions of 
temperature. It is observed that the minimization algorithm using a combination of Gauss-
Newton and Levenberg-Marquardt methods is only suitable for up to 2 reactions, such as 
individual DRM with rWGS as a side reaction. However, it is not suitable for complex 
reaction such as OCRM, which consists of more than 2 reactions. Therefore, the kinetic 
parameters for the kinetic model LH-I and LH-II are only available for DRM with rWGS 
as side reaction and simultaneous DRM-POM reactions, respectively.  
In addition, it can be seen from the modeling results that the activation energy for 
DRM reaction for LH-I (3.71kJ/mol) is much lower than for LH-II (9.88kJ/mol). Bradford 
and Vannice [27] compiled a large amount of kinetic parameters for DRM reaction and 
reported that the activation energies values varied from 29 to 359kJ/mol. They also 
pointed out that the most frequently activation energy was observed at 58±4 kJ/mol which 
is coincidence with the activation energy for CH4 dissociation on Ni catalyst.  
Tomishige [246] studied the reaction mechanism of oxidative steam reforming of 
methane (OSRM) and suggested that the OSRM reaction proceeded with combustion and/ 
or partial oxidation of methane followed by CO2 and/or steam reforming of methane. 
Since the OCRM reaction has similarity with OSRM, it therefore suggests that the 
combustion reaction either combustion or partial oxidation of methane takes place 
followed by CO2 reforming of methane. Therefore, it is expected that the activation 
energies for DRM and POM reaction are lower than the individual reactions.  
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LH-I kDRM 4.02E+26 3.71 - - 
KDRM - - 1.40 0.33 
4CH .S
K  - - 1.54 0.35 
krWGS 2.25E+26 3.63 - - 
KrWGS - - -0.15 -0.029 
LH-II kDRM 3.65E+23 9.88 - - 
4CH .S
K  - - 2.58 0.45 
kPOM 3.19E+11 4.92 - - 
KC.S - - 4.97 0.68 
KO2 - - -4.40 0.49 
KCO2 - - 3.04 0.49 
 
Furthermore, Imanaka et al. [202] showed that Y2O3 can form Y2O2CO3 (yttrium 
oxycarbonate) species during introduction of CO2, similar to the La2O2CO3 (lanthanum 
oxycarbonate) species. Moreover, Verykios [55] showed that the oxycarbonate species can 
interact with surface carbon species from CH4 decomposition to form CO gas. These steps 
are in agreement with the proposed elementary reactions of the LH-II model. 
The large numbers of experimental and predicted data of CH4 conversion of LH-II 
model was compared by means of parity plots as shown in Figure 6-7. It can be seen that 
there is no significant deviation about the line of parity and the correlation coefficient is 
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around 0.98. A good fit was obtained CH4 conversion indicates that the proposed LH-II 
model is suitable for representing the OCRM reaction. 
  
 
Figure 6-7 Parity plot of experimental and predicted conversion of CH4. Correlation 
coefficient r
2 
= 0.98. (T = 600-750°C, W/F = 0.96-4.8 kgcat.s.mol
-1
, P = 1 atm) 
 
6.4. Conclusion 
A kinetic study of oxidative CO2 reforming of methane was performed over 
Pd−Ni/Y2O3 catalyst with Pd/Ni ratio of 1/1 for the OCRM reaction. The reaction rate was 
found to be influenced by partial pressure of CH4 and CO2. However, the increase in CO2 
partial pressure has more dramatic effect on reaction rate than the one of CH4. Since there 
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is no available literatures of kinetic study for the OCRM reaction, the proposed kinetic 
models are based on combination of kinetic study of individual reactions probably 
occurred in the OCRM reaction, i.e. DRM, POM, and rWGS. Two kinetic models were 
proposed considering different reaction mechanisms and rate-determining steps. The curve 
fitting results show a good agreement between experiment data and kinetic model based 
on dissociation of adsorbed methane by adsorbed oxygen as the rate determining step of 
DRM reaction and reaction between adsorbed carbon and adsorbed oxygen as the rate 
determining step of POM reaction. 




Conclusions and Recommendations 
 
7.1. Conclusions 
This thesis is one of the first theses to demonstrate the energy-efficient OCRM 
reaction resulted from combination between endothermic reaction (DRM) and 
exothermic reaction (POM). The catalyst developed in this thesis provides superior and 
viable alternative to usual Ni catalyst that easily deactivates. It also provides alternative 
to the popular Ni perovskites catalyst used for reforming reaction. The principal 
contributions from this thesis are the synergetic effect of bimetallic particles on catalyst 
activity, the role of metal-support interaction on the catalyst activity and stability, the 
unique properties of Y2O3 support and its roles in OCRM reaction, the effect of surface 
oxygen mobility, and the kinetic modeling of OCRM reaction.  
The monometallic Ni/Y2O3 catalyst has high initial activity but severe 
deactivation due to high carbon deposition rate, while the monometallic Pd/Y2O3 catalyst 
has low initial activity but stable during OCRM reaction. In order to take the advantage 
of both Ni/Y2O3 and Pd/Y2O3 catalysts, the Ni/Y2O3 catalyst was modified with a certain 
amount of Pd. Two types of Pd precursors, i.e. PdCl2 and Pd(NO3)2 were used to 
synthesize Pd−Ni/Y2O3 catalysts. The catalytic result shows that both Pd−Ni/Y2O3 
catalysts synthesized from either PdCl2 or Pd(NO3)2 precursor has much higher 
performance in terms of CH4 and CO2 conversions than either Ni/Y2O3 catalyst or 
Pd/Y2O3 catalyst, due to the presence of bimetallic particles on Pd−Ni/Y2O3 catalyst. This 
result shows that the combination of Pd and Ni has synergistic effect on catalyst activity. 
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However, the catalyst activity of Pd(C)−Ni/Y2O3 catalyst (Pd−Ni/Y2O3 catalyst 
synthesized from PdCl2) is higher than the one of Pd(N)-Ni/Y2O3 catalyst (Pd−Ni/Y2O3 
catalyst synthesized from Pd(NO3)2). The characterization result shows formation of 
metal-support compound and small metal particle size on Pd(C)−Ni/Y2O3 catalyst while 
no metal-support compound and big metal particle size was observed on Pd(N)−Ni/Y2O3 
catalyst, showing that the small metal particle size is resulted from the presence of metal-
support compound. Further observation using various Pd/Ni ratios of Pd(C)−Ni/Y2O3 
catalysts shows that the higher the reduction peak of the metal-support compound on 
Pd(C)−Ni/Y2O3, the smaller the metal particle size. Therefore, it can be concluded that 
the small metal particle size resulted from the presence of metal-support compound is 
important for high catalyst activity. 
The catalyst activity and stability of Pd−Ni catalyst was further studied over 
various commercial catalyst supports. Among all tested Pd−Ni catalysts, Pd−Ni/Y2O3 and 
Pd−Ni/Al2O3 catalysts show very high initial CH4 and CO2 conversions, due to formation 
of metal-support compound (MSC) on these two catalysts. However, the type of metal 
interacting with the support is different in Pd−Ni/Y2O3 and Pd−Ni/Al2O3 catalyst. Pd 
interacts with Y in Pd−Ni/Y2O3 catalyst to form PdxClyYz compound, while Ni interacts 
with Al in Pd−Ni/Al2O3 catalyst to form NiAl2O4 compound. The formation of metal-
support compound was observed to be able to prevent severe metal sintering on catalyst 
during reaction. However, the amount of carbon produced from Pd−Ni/Y2O3 catalyst is 
much lower than the one from Pd−Ni/Al2O3 catalyst, due to the presence of surface 
−oxygen species and ability of Y2O3 to form oxycarbonate species, resulting in stable 
catalytic performance without noticeable deactivation during reaction. The surface 
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−oxygen species are found to promote cracking of C−H bond in CH4 while the 
oxycarbonate species can oxidize the deposited carbon, respectively, hence leading to the 
stability of the Pd−Ni/Y2O3 catalyst. A reaction mechanism over Pd−Ni/Y2O3 catalyst 
was then proposed. 
Surface oxygen mobility has been reported to affect the catalyst performance in 
many reactions. This thesis shows the formation of monodispersed Y2O3 particles 
synthesized using homogeneous precipitation method at various pH solutions. It was 
found that Y2O3 synthesized at lower pH solution has smaller particle size and higher 
oxygen mobility due to smaller crystal size. When the synthesized Y2O3 was used as 
support, the Pd−Ni/Y2O3 catalyst with higher oxygen mobility shows higher activity and 
lower carbon deposition rate. Furthermore, CH4 decomposition reaction was also 
performed on the Pd−Ni/Y2O3 catalysts and the result shows the higher amount of CO 
produced from Pd−Ni/Y2O3 catalyst with smaller crystal size. This study shows that 
surface oxygen mobility has crucial roles on catalytic activity and suppression of carbon 
deposition on Pd−Ni/Y2O3 catalyst. 
Finally, this thesis demonstrates the kinetic study and models for the OCRM 
reaction over the Pd−Ni/Y2O3 catalyst. Up to date, this is the first study to develop the 
kinetic model using Langmuir-Hinshelwood (LH) approach for OCRM reaction. Based 
on the proposed reaction mechanism and those of individual reactions probably occurred 
during OCRM reaction, two kinetic models for OCRM reaction over Pd−Ni/Y2O3 
catalyst have been developed using Langmuir-Hinshelwood (LH) approach. A good 
agreement was obtained between experimental and model for the kinetic model based on 
dissociation of adsorbed methane by adsorbed oxygen for rate determining step (RDS) of 
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DRM and reaction between adsorbed carbon and adsorbed oxygen for RDS of POM. This 
kinetic model is useful for understanding the effect of process conditions to catalyst 
performance and scaling-up to commercial reactor. 
 
7.2. Recommendations 
The work in this thesis provides the fundamentals for developing catalyst with 
high activity and stability in reforming reactions. Since Pd is expensive metal, the 
developed Pd−Ni catalyst is unsuitable for commercialization. Therefore, using the 
fundamentals observed in this thesis, there is more room to develop cheaper catalyst with 
same or even higher catalyst activity and stability. In addition, the chloride residue in 
catalyst usually has negative impact to catalytic stability in many reactions. However, this 
thesis shows that the use of PdCl2 as Pd precursor in Pd−Ni/Y2O3 catalyst shows high 
stability without deactivation. The positive effect of precursors from chloride on catalyst 
stability may open up new area in catalysis for other reactions.  
The kinetic study in this thesis used the method which has been reported in 
literature for complex reaction such as oxidative steam reforming of methanol [284]. The 
result of the method showed a good kinetic model even though the conversion is high. 
However, the conversion for kinetic measurement is usually very low, less than 10%. 
Therefore, it is recommended to collect the kinetic data at very low conversion and 
perform another kinetic model for good comparison. Moreover, the validity of the model 
needs to be supported by experiment work such as various characterizations of reduced 
and spent catalysts. In addition, the experiment work to prove the reaction mechanism of 
OCRM reaction has not been touched in this thesis. The work represents an interesting 
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extension for future work. In addition, since the numerical method used to obtain the 
kinetic parameters for the kinetic model developed in this thesis can be used only for up 
to 2 reactions while the OCRM reaction may consist of more than 2 reactions, it is 
therefore important to consider another numerical method which can solve complex 
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